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SUMMARY 
The work presented in this thesis is of two types. Firstly methods for the 
electrochemical immobilisation of redox enzymes in organic polymers are described. 
The electrochemical monitoring of the immobilised enzyme reaction by detection of 
one of the enzyme's products is discussed, and the results obtained for such a system 
under a variety of experimental conditions are presented. 
A good understanding of the way in which such a system operates' was 
obtained by using a specially developed kinetic model., This model is explained 
fully in the theory chapter of this thesis. 
A variety of organic polymers were used in the electrochemical 
immobilisation process, with varying degrees of success. The flexibility of this 
approach is demonstrated by the use of a variety of immobilisation matrices and also 
by the development of bienzyme and bilayer devices. 
The final experimental chapter presents work on the covalent modification of 
redox enzymes with a variety of, redox centres based. on ferrocene. Although 
attempts to electrochemically immobilise a modified enzyme were not successful, 
some interesting information about the kinetic behaviour and stability of a series Of 
modified enzymes was obtained. 
An indication of possible work forming an extension to this thesis is given in 
the final part of this thesis. The electrochemical immobilisation techniques and the 
procedure for covalently modifying, enzymes using electroactive , groups are 
relatively recent ideas. Much work remains to be done before a better understanding 
of these systems is gained. 
xv 
CHAPTER ONE 
INTRODUCTION 
The work presented in this thesis is concerned with electrochemical methods 
-5) for the immobilisation and study of redox enzymes(' . In immobilised enzyme 
systems the enzyme, a highly specific biological catalyst 
(6), is immobilised in a 
support matrix. When the enzyme is entrapped at an electrode surface it is possible, 
in many cases, to monitor the enzyme reaction electrochemically. 
_, 
A novel electrochemical enzyme immobilisation technique is described. 'I'his 
enables a redox enzyme to be entrapped at an electrode surface using a single step 
procedure. The resulting immobilised enzyme retains activity towards its substrate. 
The results presented for such an electrochemically immobilised enzyme system are 
analysed in terms of a new theoretical model describing the kinetic and transport 
processes occurring within the enzyme containing film at an electrode surface. 
In the final part of this thesis the development and. electrochemical behaviour 
of a specially modified redox enzyme is described. Results demonstrating the direct 
oxidation of such modified enzymes at a simýle metallic electrode are presented and 
analysed by the use of an appropriate kinetic model. 
In this introduction we begin by briefly describing the role of electron transfer 
in biological systems and the characteristics of redox enzymes. We then describe the 
methods used to immobilise redox enzymes, at electrode surfaces and 
electrochemical procedures for monitoring the activity of immobilised enzymes. 
Finally the electrochemistry of redox modified enzymes is reviewed. Since no 
attempt was made to produce a viable analyte sensing device the applications of 
immobilised enzyme systems will not be discussed. The work presented 
concentrates on the development of a theoretical model system to explain the results 
in terms of the processes occurring in different types of immobilised enzyme film. 
I 
1.1 ELECTRON TRANSFER IN BIOLOGICAL SYSTEMS 
In all living systems the sequential and specific transfer of electrons is of vital 
importance in maintaining pH and ionic gradients, fueling biosynthetic reactions and 
in a variety of other highly specific energy requiring processes within the cell. 
Energy derived from oxidisable substrates and light are fed into electron transport or 
electron transfer chains (1.7.8) . These chains are a complex series of redox centres, 
many of which are membrane bound. The asymmetric transfer of electrons through 
a specific series of redox centres is linked to the production of high energy 
phosphorylated molecules in the cell(9*10). Examples of this type of electron 
transport chain are the respiratory chain, the photosynthetic pathway. ' nitrogen 
fixation and the Cytochrome P-450 system(5). Figure 1.1 shows the mitochondrial 
electron =sport chain. The specific spatial and sequential arrangement of the 
electron carriers is shown schematically in this figure. Hydrogen atoms derived from 
the catabolism of carbohydrates are incorporated into nicotinamide adenine 
dinucleotide (NADH) and flavoproteins. The NADH produced donates two 
electrons and one proton to the dehydrogenase enzymes on the mitochondrial 
membrane surface. Ile electrons are transferred through a series of electron transfer 
proteins and soluble mediators to molecular oxygen (Table 1.1). 
At this stage of the introduction it is important to distinguish between the 
electron transfer, or redox proteins and redox enzymes. The redox proteins are 
relatively low molecular weight proteins containing a redox centre, at the periphery 
of the protein. The protein associated with the redox centre serves only to ensure 
that the redox protein undergoes electron transfer with its specific partners alone. 
Failure to do this would result in the random transfer of electrons and the death of 
the cell. 
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Figure 1.1 Schematic representation of the transmembrane arrangement of 
respiratory carriers and dehydrogenase enzymes in the mitochondrion 
MATRI X 
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a. a3, b, c, cl are cytochromes . 
SDH = succinate dehydrogenase (a flavoenzyme) 
Glu. deh. = glutamate dehydrogenase 
NADH. deh. = NADH dehydrogenase 
GlyP. deh. = glycerophosphate dehydrogenase (a flavoenzyme) 
M. deh. = malate dehydrogenase 
U= ubiquinone 
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Table 1: 1 
Sequential Redox Reactions in the Electron Transfer Chain of the Mitochondrion 
Redox reaction 
Redox potentials E, (pH 7.0) 
of components mV vs SHE 
/ mV vs SHE 
NADH+Er+FAD') -4 NAD++FADH2 
NADFVFADH2 
+270 
-320 -50 
FADH2+UQ.,, --* FAD+UQred 
UQred 
+150 
+100 
UQred+2Cytb.. -4 Cytbed 
-60 
ýd+2W 
U%,, +2Cytb,, +40 
2Cytbred+2Cytc, 
.,, -ý 
CYtCI 
red +180 
2Cytb.., +2Cytclr,, d +220 
2Cytcl, d+2Cyta,, -4 CYtared +70 2Cytcl.,, +2Cyta,,, d +290 
2Cytared+1602+W -4 H20 +530 2Cyta.,, +H20 +820 
a) represents flavin centres in flavoenzymes 
UQ is ubiquinone 
cyt. represents a cytochrome 
The redox enzymes are a larger, more complex series of proteins, which 
catalyse the specific oxidation or reduction of a substrate, or group of substrates, 
within the cell. 71ese enzymes have redox centres buried in the protein away from 
the periphery. Here the substrate must diffuse into the enzyme interior to the active 
site before any redox process can occur. The characteristics of redox enzymes will 
be discussed in section 1.3. 
In order to study the oxidation and reduction of these biological 
macromolecules at electrode surfaces it is important to understand the effect of 
inter-redox centre distance on the rate of electron transfer. In the next section we 
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consider the large distances over which protein-electrode electron transfer must 
occur. 
1.2 THE EFFECT, OF DISTANCE ON ELECTRON TRANSFER RATES ý 
The aim of this work is to investigate electron transfer between redox enzymes 
and electrodes. The large size of many redox proteins makes distance a controlling 
factor in the rate of electron transfer. 
The effect of distance on electron transfer in redox proteins and biological 
systems remains the subject of much research. The topic has been reviewed by 
several authors (11-14). In order to quantify this distance effect we must relate the 
electrochemical rate constant k' to the distance over which the electron transfer must 
(15-17) 
occur. The general expression for the electrochemical rate constant is: 
kf = kE t vk, 1 (1.1) jr)e 
where k' is the heterogeneous electrochemical rate constant, 
kE'describes the diffusion pre-equilibrium, 
v is the effective frequency of motion along the reaction coordinate, 
k, is the electronic transmission coefficient, which depends upon r, the 
distance over which the electron transfer occurs, and 
G'V is the activation energy. 
For the electrode reaction of small molecules k, 
.1 
is taken to be clqse, to I when the 
electrons can transfer adiabatically, and less than I in other cases. For the electron 
transfer reaction of large biological molecules at macroscopic electrodes, electron 
transfer must occur, over large distance& ý Under such conditions we must account for 
this distance dependence. 
v ke, voe-ý(T-ro) (1.2) 
where ro is the distance at which vkj equals some preassigned value, V0. If we take 
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vo equal to a typical vibrational frequency, 1013S-1, we assume that the electron 
transfer is adiabatic when r= ro. 
The value of 0 in equation 1.2 can be estimated from the results of studies of 
the electron transfer kinetics for a number of systems where the electron transfer 
distance has been systematically varied. Such experiments give a value of 0 of 
around 12 nni-1 for non-biological systems. 77his value appears to be consistent with 
studies on electron transfer proteins (13). The 0 value will depend on the nature of the 
medium through which electron transfer must occur. If we interpret P simply in 
terms of tunneling through a square potential barrier, and use the standard quantum 
mechanical tunneling formula 
(4n/h) (2mVo) 
to estimate the barrier height, for values of 0 between II and 15 nm7l we find barrier 
heights of between 1.1 and 2.1 eV respectively. 
We must consider additional factors when dealing with macromole6ular 
biological redox couples. Firstly the protein molecules are not spherically 
symmetric so that''the (r-ro) in equation 1.2 must be replaced by the actual' 
separation. Secondly the protein around the redox site is inhomogeneous, so that 
certain paths for electron transfer may be energetically favoured. 
Even though these complicating factors exist, it is apparent that as the electroxi 
transfer distance increases the probability of electron transfer decreases. ' This 
observation has profound effects on the electrochemical study of any large biological 
redox species. 
1.3 THE CHARACTERISTICS OF REDOX ENZYMES 
The redox enzymes contain a number of types of redox active group. The two 
largest groups of redox enzymes are the nicotinamide coenzyme dependent 
dehydrogenases, which are not included in this work, and the flavin containing 
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oxidoreductases. The latter group comprises over 80 enzymes containing either 
FAD (flavin adenine dinucleotide) or FMN (flavin mononucleotide) at the active 
centre or centres(18). Of these the majority are FAD containing flavoenzymes. The 
flavin group is strongly associated with the protein structure(19) with dissociation 
constants in the range 10-8 to 10-11 mol dm73. In certain cases, such as that of 
succinate dehydrogenase (E. C. 1.3.99.1), the isoalloxazine ring of FAD is covalently 
linked to an amino acid residue in the protein structure(20). During the catalytic 
redox cycle of flavoenzymes, the flavin centres remain firmly associated with the 
enzyme protein. 
The. structure of the flavins along with their redox reactions are shown in 
figure 1.2. - The structure and redox reactions of the'flavin isoalloxazine ring systems 
is described in detail by Hemmerich et al and Janik and Elving 
(21,22). The 
classification of the flavoenzymes, with respect to their metal requirements, if any, 
and their redox properties will be described below. The classification scheme, 
showing the way in which glucose oxidase (E. C. 1.1.3.4), the main enzyme of 
interest in this work, fits into the flavoenzyme group, is shown in figure 1.3. Tle 
flavoenzymes are classified as either oxidases or dehydrogenases. The distinction is 
made on the basis of their reactivity towards molecular oxygen when the flavin redox 
centres of the enzyme are in a reduced state. Flavo-oxidases are readily reoxidised 
by molecular oxygen, which accepts two protons and two electrons from the reduced 
flavin centre to produce hydrogen peroxide as the reaction byproduct(23). This type 
of'reaction is illustrated by the action ot glucose oxidase (G . OD) on . its substrate 0- 
D-glucose in the presence of molecular oxygen. 
GOD(FAD) + P-D-glucose --ý GOD(FADH2) + gluconolactone (1.4) 
GOD(FADH2) + 02 --ý GOD(FAD) + H202 (1.5) 
Reactions (1.4) and (1.5) are of a type catalysed by flavo-oxidases in general. The 
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Figure 1.2 The structure and redox reactions of the flavins 
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Figure 1.3 Scheme for the'Classification of Flavoenzymes 
Nicontinamide-dependent Flavoenzymes Quinoenzymes Others, 
dehydrogrenases [FADJ77*" (PQQI [Cu, heam etc. ] 
[NAD(P)] 
Metalloflavoenzymes Metal-independent 
[FeXol flavoenzymes 
Metallo-flavoprotein Metallo-flavoprotein 
Flavoprotein oxidases Flavoprotein 
oxidases dehydrogenases 
eg. glucose oxidase dehydrogenases 
(E. C. 1.1.3A) 
PQQ is pyrrolo-quinoline quinone 
2,7,9-tricarboxy-IH-pyrrolo- (2,3-f-quinolinc-4,5-dione) 
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production of hydrogen peroxide in this way has implications for the electrochemical 
monitoring of flavo-oxidase activity. These will be discussed in detail in section 1.4. 
The flavo-dehydrogenases, on the other hand, show little tendency to become 
reoxidised by molecular oxygen(24) and utilise alternative organic electron acceptors. 
These enzymes do not produce hydrogen peroxide. 
A further classification is made on the basis of whether the flavoenzyme in. 
question requires the presence of metal ions within the enzyme protein to exert redox 
activity. Flavoenzymes which have a specific metal requirement ýcommonly for 
molybdenum or iron) are defined as metalloflavoenzymes. It is known that xanthine 
oxidase (26) (E. C. 1.2.3.2) is an example of a metalloflavoenzyme, although the exact 
role of the metal is still unclear (27). A further group of flavoenzymes, such as D- 
(28) 
aminoacid oxidase (E. C. 1.4.3.3) appear to have no metal cofactor requirement 
Examples of a number of flavoenzymes and their classification are shown in Table 
1.2. It is apparent that these enzymes have highrnolecular weights, typically greater 
than lxW D. The position of the redox active flavin prosthetic groups within these 
enzymes is largely ill defined. 
The location of the flavin prosthetic groups within the enzyme protein has 
profound effects on any attempt to study the direct electrochemistry of flavoenzymes 
at simple metal electrodes. In the following section the apparently -direct electron 
transfer observed by a number of authors when studying adsorbed or covalently 
immobilised flavoenzymes will be discussed. Following this a number of methods 
used to study the indirect, or mediated, electron transfer from flavoenzymes are 
described, and the advantages of using these indirect methods are outlined. 
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Table 1.2 
Classification of Flavin-Containing Redox Enzymes 
Molecular Prosthetic Group 
Enzyme 
wt (Daltons) Flavin Metal Other 
Flavoprotein oxidases 
Glycolate 
, 
oxidase 100000 FMN 
(plants) E. C. 1.2.3.5 
Glucose oxidase 160000 2 FAD 2 Fe ? (molds) E. C. 1.1.3.4 
D-aminoacid oxidase 
(Iddney) E. C. 1.4.3.3 
138000 2 FMN 
L-aminoacid oxidase 100000 2? FAD 
(liver) E. C- 1.4.3.2 
Flavoprotein dehydrogenases 
NADPH-cytochrome c 
reductase (yeast) E. C. 1.6.2.4 
78000 FMN 
Lipoyl dehydrogenase 
(respiratory particles) 
100000 2 FAD -S-S- 
Metal loflavop rotein oxidases 
Xanthine oxidase 
E. C. 11.3.2 (milk) 300,000 2 FAD 8 Fe, 2 Moý (a) 
Metalloflavoprotein dehydrogenases 
L-lactate. dehydrogenase 
(yeast) E. C 1.1.2.3 
200000 2 FMN heme Fe 
Succinate dehydrogenase 
(beef heart) E. C. 1.3.99.1 300000 FAD (b) 8 Fe (a) 
Choline dehydrogenase 
(liver) E. C. 1.1.99.1 
1 
800000 FAD 
1 
4 Fe 
1 
(a) 
1 
(a) protein contains acid labile sulphur 
(b) FAD is bound covaIently to the protein 
- 
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1.4 THE ELECTROCHEMISTRY OF FLAVOENZYMES 
In order to successfully study the electron transfer reaction occurring between 
the prosthetic. groups of flavoenzymes and simple metallic electrodes, it is important 
to once more consider the effect of distance on the rate of electron transfer (section 
1.2). Assuming that the electron transfer in question is thermodynamically 
favourable, it is likely that the major obstacle for the transfer is the relatively large 
size of the protein coat surrounding the redox centre of interest at the enzyme's 
active centre. Ile presence of this outer protein sphere, although vital for the 
biological role of an enzyme, represents a shortcoming in any attempt to observe 
direct electron transfer. Even when the enzyme is adsorbed onto or is directly 
adjacent to the electrode, the enzyme protein ensures that the redox active centre is 
spatially distant from the electrode material. 
To illustrate this effect it is informative to consider an example. Glucose 
oxidase (E. C. 1.1.3.4) from A. niger(25) has received considerable attention from 
electrochemists. This enzyme has a molecular weight in the region of 160000 
Daltons(29). It consists of two identical subunits, each containing one FAD centre, 
and has a hydrodynamic radius of 4.3 nm (29). The exact structure of this enzyme is 
not, at present, known, as X-ray crystallographers have yet to solve the crystal 
structure of this very large molecule. This lack of knowledge means that it is not 
possible to know the exact position of the FAD centres within the molecule. 
Consequently it is difficult to estimate the electron transfer distances that would be 
involved if direct electron transfer was to occur. Certain evidence is, however, 
available concerning the the location of the active centres in this and other 
flavoenzymes. In glucose oxidase the FAD centres are located at an undefined 
distance beneath the glycoprotein coat of the enzyme and are known to be partly 
inaccessible to solvent(30). Tlis indicates that the flavin centres are not simply' 
exposed at the enzyme's periphery. 
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It is interesting to consider a further example of a less commonly studied 
flavoenzyme for which the structure has been solved by X-ray crystallography. 
Glutathione reductase (E. C. 1.6.4.2) has a flavin bound in an extended conformation 
with the adenine group at the enzyme surface and the flavin buried in the protein's 
centre (31). Consequently this enzyme shows no observable direct electrochemistry at 
(32) 
a pyrolytic graphite electrode 
A number of authors have described the apparent direct electrochemistry of 
flavoenzymes at ýa number of electrodq materials. Examples from the literature are 
discussed in the next section and conclusions are drawn about the yiability of 
studying this type of direct electrochemistry. 
1.4.1 Unmediated Electrochemistry 
Much of the earlier work in this area made use of mercury electrodes. This is 
a material which is now thought to be largely incompatible with biological proteins. 
It is known that a number of proteins become irreversibly adsorbed onto 
mercury surfaceS(33-36). This phenomenon is known to occur during studies of 
flavoenzymes at mercury electrodes(37.38). Ibis means that any direct electron 
transfer observed is due to the presence of an enzyme which is intimately associated 
with the mercury electrode surface and is not simply a heterogeneous solution 
process. When, a. flavoenzyme becomes adsorbed onto mercury Jt becomes 
(39) 'flattened' due to ihe formation of Hg-disulphide bonds 
jý distortion inthe protein structure results, which may cause loss of enzyme- 
bound FAD. It is likely that it is the presence of these small amounts of soluble 
flavin which gives rise the apparent direct response. It is therefore disadvantageous 
to use mercury electrodes in conjunction with flavoenzymes. Furthermore, a number 
of authors have concluded that direct electron transfer in this type of system is not 
(40,41) 
possible 
In a study of the 'direct' electrochemistry, of glucose oxidase at platinum 
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electrodes the authors conclude that it is not possible to distinguish between electron 
transfer from free FAD and that from enzyme bound FAD (42). They hypothesize that 
the apparent direct electron transfer is due, to traces q of free' flavin able to diffuse 
within the solution. 
In an attempt to alleviate problems associated with the denaturation of 
flavoenzymes at simple metal electrodes a number of authors have immobilised 
flavoenzymes onto carbon electrodes using covalent coupling and crosslinking 
techniques. The idea here is to secure the enzyme in a rigid conformation and thus 
prevent protein flattening. The results from such experiments appear to be 
unpredicatable and, as might be expected, are sensitive to the immobilisation 
technique employed. 
(43) (43) (44) When L-amino-acid oxidase xanthine oxidase or glucose oxidase 
were immobilised onto cyanuric chloride modified graphite electrodes, an apparent 
direct electron transfer was observed. However, when glucose oxidase was 
chemically grafted onto glassy carbon electrodes using carbodfimide coupling no 
direct response was seen and the authors demonstrated enzyme activity by detecting 
hydrogen peroxide in the presence of glucose 
(45). Furthermore, when glucose 
oxidase was immobilised onto a carbon paste electrode using glutaraldehyde- 
(46) albumin crosslinking no direct response was reported 
It is apparent that the occurrence of direct electron transfer is intimately 
dependent on the nature of the covalent immobilisation procedure. Also it is likely 
that, as in the case of adsorbed flavoenzymes, the response is due to the release of 
small amounts of free flavin during or after the coupling procedure. It is difficult to 
differentiate with any certainty between an electrochemical response due to electron 
transfer from enzyme bound flavin and that from free flavin. 
In conclusion it can be seen that a more widely applicable and better 
understood method of effecting electron transfer between the flavin centres of redox 
enzymes and metallic electrodes is desirable. A number of indirect techniques have 
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been developed towards this goal. The use of a wide range of low molecular weight 
redox couples to 'mediate' electron transfer has resulted in considerable success in 
studying the widespread and persistent electrochemistry of flavoenzymes. These 
indirect techniques are discussed in the following section. 
1.4.2 Mediated Electrochemistry 
In the living cell the reduced flavin groups of the flavoenzymes become 
reoxidised by low molecular weight electron acceptors. In the case of the flavo- 
oxidases the electron acceptor is usually molecular oxygen 
(23). The small oxygen 
molecules are able to diffuse into the interior of the molecule and accept electrons 
from the FADH2 centres. The hydrogen peroxide produced, equation (1.5). is able to 
diffuse back into the bulk solution to be removed by other enzyme systems. 
Many flavo-oxidase enzymes are able to utilise artificial electron acceptors, 
usually called mediators(24). It is possible to use mediators to shuttle charge between 
the flavin centres of an enzyme and an electrode. This mediated, or indirect 
electrochemistry has formed the basis of a great deal of recent research work in this 
area of electrochemistry. Ile mediator is regenerated at the electrode resulting in a 
cyclic process, figure 1.4. 
To be effective, a mediator must compete with the enzymes natural substrate, 
often molecular oxygen. Many potential mediators do not fulfill this requirement 
and are of little use except in deoxygenated solution. 
The criteria for an ideal redox mediator have been described by several 
authors (47,48). Traditionally organic dyes, such as phenazine methosulphate, and 
methylene blue, and inorganic ions such as ferricyanide have been used. These do 
not, however, satisfy many of the requirements for an ideal redox mediator. A major 
problem is that these organic dyes and inorganic redox ions are not readily amenable 
to chemical substitution to tailor their individual redox potentials. 
The majority of recent work has utilised ferrocene derivatives as redox 
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Figure 1.4 The homogeneous mediation of flavoenzyme electrochemistry 
A bulk solution 
medox. 
m ed red. 
11 /I 
etectrode 
-medox. FADH2 p 
medred. FAD 
XS 
enzyme 
P 
S is the substrate, P is the product (produced by oxidation of S) and medo,, / medred 
are the oxidised and reduced forni of the soluble redox mediator. FAD/FADH2 
represents the oxidised and reduced forms of the flavin at the enzyme's active site. 
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mediators. These compounds exhibit reversible electrochemistry and fast enzyme 
kinetics with a number of flavoenzymes (32). They are also amenable to chemical 
substitution so that their redox potential can be tuned to match the required enzyme 
reaction. Also their net charge can be easily altered by chemical derivitisation. The 
charge on the mediator molecule appears to influence the rate of the enzyme reaction 
in certain cases(49). Ferrocene derivatives appear to be the mediators of choice for 
the indirect study of enzyme electrochemistry. 
The enzyme/mediator reaction can occur in several ways with'both of the 
species free in solution, or one or both of the species immobilised at an electrode 
surface. The simplest situation, in which both species are free in solution, will be 
described first. 
1.4.2.1 Homogeneous Mediation 
With both species free in solution the mediator shuttles electrons between the 
electrochemically inactive enzyme and the electrode (figure 1.4). Ile redox reaction 
of the flavin prosthetic group, FAD, is a two electron process. It is apparent, 
therefore, that when using a one-electron redox couple, such as ferrocenes, two 
molecules are required for each cycle. 
The effectiveness of a particular mediator/enzyme combination has commonly 
been assessed by use of simple d. c. cyclic voltametry(50,51), or amperometry 
(79). The 
results obtained are analysed using the theory developed for the EC' (catalytic) case. 
This enables the second order rate constant for the enzyme/mediator molecule 
reaction to be estimated (52). A number of flavoenzyme/mediator combinations have 
been studied in this way. Table 1.3 collects together results from the literature for 
this type of homogeneous mediation. It is apparent that a range of mediators 
including inorganic ions, quinones and ferrocenes have been employed to accept 
electrons from reduced flavoenzymes in solution. 
It would be greatly advantageous if a mediator could be chosen for a particular 
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Table 1.3 
1 -1 - Homogeneous Mediation of Flavoenzyme Electrochernis' try 
Mediator redox k. XIO-3 
Enzyme Mediator P potential J mV vs /dm 3 mol 
Comments Refs. 
SCE, PH 7.0 
Glucose oxidase 1,1'-dimethyl ferrocene 100 44 Rate constants 
(A. Niger) ferrocene 165 15 measured by cyclic 
E. C. I. I. 3.4 vinyl ferrocene 250 18 voltammetry at a 32,53-57 
ferrocene-COOH 275 110 graphite electrode. 
ljý-ferrocene di-COOH 395 15 Effect of PH, 
(dimethylamino)- temperature and 
methyl ferrocene 
4.00 525 oxygen investigated. 
trimethylamino- 
ferrocene 
400 300 25C, PH 7.0 54 
ferrocene-lidocaine 
300 Use in immunoassays. 56,58 
conjugate 
[Ru(CN)6 ]4-- 685 10 Comparison of Ru 
[Ru(NH3) Spy ]2+ 50 100 complexes to 
mediators such as - 59 ferrocenes and 
fefficyanide. 
[Fe(CN) 6]3- 180 66,67 
DCPIP 0 PH 6, fuel cell 68 
Glucose oxidase Fe(cN)3- 6 119 032 25*C, PH 7.0 
(P. Vitale) 
1 
28 25*C, PH 4.0 
85 
3+ Co(phen)3 
180 1.60 25*C, PH 7.0 85 
3.64 25*C, PH 4.0 
Co(diPY)33+ 
130 0.09 25*C, PH 7.0 
85 
0.13 25*C, PH 4.0 
TCNQ 120 1500 25*C, PH 7.0 85 
2 bromo-1,4- 
benzoquinone 
70 590 25*C, PH 7.0 85 
tetrabromo-1,4- 
benzo, quinone 
so 263 25*C, PH 7.0 85 
1,4-benzoquinone 30 197 25T, PH 7.0 85 
2-methyl-1.4- 
- 
benzoquinone -30 
53 25*C, PH 7.0 85 
1,2-napthoquinone -100 110 25*C, PH 7.0 85 
TCNQ (LI salt) -130 34 25"C. PH 7.0 85 
PMS -121 18 30*C, PH 7.0 85 
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Mediator redox kx 10-3 
Enzyme Mediator potential/ mV v s /dm 3 mol Comments Refs. 
SCE, PH 7.0 
2,3-dichloro-1,4- 
-161 4.9 250C, PH 7.0 85 napthoquinone 
2-methyl-5-methoxy- 
-161 3.5 2511C, PH 7.0 85 1,4-benzoquinone 
1.4-napthoquinone -197 3.5 25"C, PH 7.0 85 
9,10-phenanthene- 
-220 3.9 25*C. PH 7.0 85 quinone 
pyocyanin -280 7.6 3011C, PH 7.0 85 
1,2-napthoquinone- 
-4-sulphonate 
-30 0.86 2511C, PH 7.0 85 
CO-acceptor- ferrocene-COOH 275 40 Mediators used in a 
oxido-reductasc ljý-dimethylferrocene 100 variety of fuel cell 60,61 
(P. Thernwcarbox)- methylene blue -230 and enzyme electrode 
dovorous C2) PES -170 configurations 
TVIPD -10 
[Fe(CN)613'- 180 
thionine -181 
Cholesterol oxidase hydroxymethyl- The only cholesterol 
(S. Commune) feffocene 190 6 oxidase which has 
63 
E. C. I. I. 3.6 been shown to use 
ferricinium ion as 
electron acceptor. 
Sacrosine oxidase ferrocene-COOH 280 1 20-25*C, PH 7.0j 32 65 
Arthrobacter) [Fe(CN)6 ]4-- 180 2.5 edge plane pyrolytic , 
E. C. 1.5.3.1 [W(CN)s 14- 280 12 graphite electrode. 
Ni(II)cyclam 440 1.9 
[Mo(CN)j4- 540 15 
DCPIP 0 IS 
hydroquinone 60 6.8 
Lactate oxidase [Fe(CN)6 ]4-- 180 3.8 20-25"C, PH 7.0 
(Pedioccus) [W(CN) 8]4- 280 63 
. 
edge plane pyrolytic 
65 
ferrocene-COOH 280 19 graphite electrode. 
Ni(II)cyclam 440 2 
[Mo, (CN) 8]4- 540 38 
DCPIP 
. 0 12 
hydroquinone 60 55 
Glycolate oxidase ferrocene COOH 275 115 25"C, PH 8.3 64 
(S. Oleracea) ljý-dimethylfeffocene 100 
I 
E. C. I. I. 3.1 
L-amino acid oxidase feffocene-COOH 275 40 37"C, PH 7.8 
(C. adamenteus) 1,1'-(Iimethylfeffocene 100 
1 1 
1 
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Mediator redox . X 10-3 I 
1 I 
Enzyme Mediator potential / mV vs /drn 3 mol Comments Refs. 
SCE, pH 7.0 
E. C. I. A. 3.2 
Pyruvate oxidase ferrocene-COOH 275 20 20*C, pH 7.0 32 
E. C. 1.2.2.3 1 
Xanthine oxidase 
(bovine) ferTocene-COOH 275 400 20*C, pH 7.0 32 
E. C. 1.2.3.2 
Lioparnide 
dehydrogenase ferrocene-COOH 275 20 20*C, pH 7.0 32 
E. C. 1.6.4.3 
Glutathione reductase ferrocene-COOH 275 200 20*C, pH 7.0 32 
E. C. 1.2.2.3 
Lactate ferrocene-COOH i75 6700 20'C, pH 7.0 32,62 
dehydrogenase 
(cyt. b 2) (yeast) 
[Fe(CN)613 180 Membrane electrode 
. E. C. 1.123 25*C, pH 7.0 
69 
Diaphorase hydroxymethyl ferrocene 190 88 0 Use in an NAD+ 63 
(C. Kluyeri) 2(amino, ethyl)- independent 
E. C. 1.6.99.2 ferrocene HCI 
160 650 
cholesterol assay 
ferroceneboronic acid 210 250 system. 
DCPIP is 2,6-dichlorophenolindophenbl 
phen is 1,1 O-phenanthroline 
dipy is 2, V-bipyzidine 
TCNQ is tetracyano-p-quinodimethane ' 
PMS is phenazine methosulphate 
PES is phenazine ethosulphate 
TMPD is 1,1,1'01ý-tetramethylphenylenediamine 
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enzyme system with a knowledge of redox potentials and enzyme/mediator overall 
charges. It is therefore informative to consider a well studied example and to see if 
any apparent trends occur. Glucose oxidase iý known to utilise a number of artificial 
electron acceptors. These include organic dyes such as phenazine methosulphate 
(PMS), 2,6-dichlorophenolindophenol (DCPIP) and N, N, N', N-tetramethyl-4- 
phenylenediamine 
(68,70). Also inorganic species, such as hexacyanoferrate 
(66,67,85) 
hexacyanoruthenate(59) and pentaamine. pyridine ruthenium(59) act as electron 
acceptor for soluble GOD. However, due to the instability and pH sensitivity of the 
organic dyes and quinones and the fact that chemical modification of the simple 
inorganic ions is not feasible the effectiveness of a large range of ferrocene 
(53-58) derivatives as mediators for GOD was investigated 
The derivatives investigated have varying charge and water solubility and 
redox potentials ranging from 100 to 400 mV (vs SCE) 
(53). There does not appear, 
however, to be any direct corTelation between the redox potential of the ferrocene 
mediator and the second order rate constant for the enzyme/mediator reaction. This 
implies that it is not the electron transfer which is rate limiting in this system. 
Another possibility is that there is a significant shift in the redox potential of the 
mediator when in the interior of the enzyme. The exact mechanism of 
enzyme/mediator interaction must remain the topic of some speculation. 
Certain valid assumptions about the enzyme bound FAD/mediator electron 
transfer can be made. It is known that the FAD centres of GOD cycle between the 
fully reduced (FADH2) and fully oxidised (FAD) states with no serniquinone 
(71) (FADH intermediate occurring when molecular oxygen is the electron acceptor 
When the ferricinium ion acts as electron acceptor only single electron transfer is 
possible due to the ferrocene molecule being a one electron (zero proton) acceptor. 
This must imply that the serniquinone form of FAD is involved since a simultaneous 
electron transfer involving enzyme bound FADH2 and two ferricinium ions is highly 
unfavourable. It seems likely, therefore, that the use of this type of artificial electron 
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acceptor results in a mechanism different from that observed with the natural 
acceptor, oxygen. 
Until a better understanding of the mechanism of enzyme/mediator electron 
transfer is obtained, the choice of suitable mediators for a particular enzyme will 
remain largely arbitrary. 
In the next section systems in which one of the components, flavoenzyme or 
mediator, is immobilised at the electrode surface will be described. This type of 
system has a direct relationship to certain t aspects of the work presented in the 
experimental chapters of this thesis. 
1.4.2.2 Heterogeneous mediation 
A large number of systems have been described in which a flavoenzyme or its 
mediator is immobilised at an electrode surface. The majority of this work focuses 
on the use of an immobilised flavoenzyme/soluble (or localised) mediator 
combination. Ibis type of system will be discussed first. 
An early report (72) describes the heterogeneous electron transfer between 
glucose oxidase (GOD) and the hydroquinone/benzoquinone couple. Here the 
enzyme is entrapped in a gelled layer using a simple procedure. In systems of this 
type the mediator is free to shuttle electrons between the active centre of the 
immobilised enzyme and the electrode surface. This removes the prohibitive effects 
of distance and electrode fouling due to prptein denaturation encountered during 
attempts to demonstrate unmediated electron transfer from immobilised 
(40,41) flavoenzymes 
Further examples of such heterogeneous systems have used GOD in 
conjunction with ferrocene (73) , phenazine methosulphate(74) and 
benzoquinone and 
(75) xanthine oxidase in conjunction with ferricyanide 
A more recent development involves the use of covalently immobilised 
glucose oxidase (GOD) (45) in conjunction with a mediator localised. within the 
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immobilisation matrix. In' this system the mediator, ljý-dimethylferrocene or 
tetrathiofulvalene (48) , is applied to the 
immobilised enzyme matrix in an organic 
solvent. The solvent is allowed to evaporate leaving the water insoluble mediator 
confined to the electrode surface. The oxidised form of the mediator is, however, 
water soluble to some degree and free to shuttle charge. Hence the mediator is not 
strictly immobilised, and can be lost from the modified electrode surface. 
An extension of this work has been. described by lwakura et aP9). Ile 
authors use an electrochemical deposition method (section 1.6) to immobilise'both 
GOD and a ferrocene monocarboxylic acid mediator in'a conducting polymer film. 
The mediator becomes localised within the organic enzyme immobilisation matrix 
and is able to carry charge between the immobilised enzyme and the electrode 
surface. 
It is apparent that a variety of electrode configurations are possible in which 
the enzyme is immobilised, either covalently or by physical entrapment, at an 
electrode surface and the mediator is free to diffuse. There'are far fewer reports, 
however, of successful systems in which the mediating species alone is immobilised 
at the electrode'- surface and the flavoenzyme is free in' solution. Ilis is 'not 
surprising given -the nature of such systems. The mediating species, whilst 
immobilised at the electrode surface, must still be able to access the enzyme's active 
site. 
Three approaches to this problem will be'discussed briefly in this section. One 
postulated approach is to covalently link the flavin group to an electrode surface via 
an electron conducting support (80), and to then add the apo-enzyme in the hope that it 
can somehow recombine with the immobilised flavin prosthetic group. Ibis 
approach'comes' some way býiween'an immobilised enzyme, and an immobilised 
mediator. Predictably, no evidence to support the viability of this approach has been 
reported. Presumably the immobilised flavin'cannot gain access to the active site of 
the apo-enzymes, such as GOD. 
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A second approach is to modify the electrode with a polymeric species having 
mediatory groups as pendant arms, in the hope that they can in some way gain'access 
to the flavin prosthetic group of a flavoenzyme in solution. Cenas et al have studied 
this approach (81) using p-quinone polymers deposited onto glassy carbon electrodes 
and soluble GOD. The authors conclude that the small currents observed are due to 
electron transfer through the polymer matrix being rate limiting and not the electron 
transfer between GOD and the p-quinone groups. This is surprising considering the 
large size of the enzyme and inaccessibility of the active sites. The authors further 
conclude that if soluble xanthine o xidase is used then the enzyme-mediator reaction 
becomes rate limiting. 
The small catalytic currents observed at a potential close to the E0 of the 
mediating group could in theory be due to the presence of a low concentration of a 
quinone redox couple in solution. Ibis may be difficult to avoid during the 
preparation of this type of modified electrode. A further effect mentioned by the 
authors is that due to 'hard mediator fixation' onto the modifying polymer it is 
unlikely that the quinone centres can penetrate deep into the large globular enzymes 
employed. This would again account for the small current increases observed in the 
presence of substrate. 
77he final approach to be discussed *here is one in which a low molecular 
weight mediator, such as tetracyano-quinodimethane (TCNQ) is applied to an 
elect-ode (82). In the presence of soluble GOD and its substrate a mediated response 
is noted. It seems likely that in this case the mediator is free to leave the electrode 
and diffuse between the enzyme's active sites and the electrode material. 
Considering these three approaches it is apparent that there is little real 
evidence to suggest that a strictly immobilised mediator is able to gain access to the 
prosthetic groups of redox enzymes such as GOD. This type of behaviour is 
predicted from an understanding of the effecr of inter-centre distances on the rate of 
electron transfer. 
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In the final part of this section literature describing syst&nis in which both 
flavoenzyme and mediator are immobilised at an electrode surface is discussed. Few 
reports of this type exist. 
1.4.2.3 Systems with both flavoenzyme and mediator immobilised, 
In systems where both reactants are immobilised it is difficult to understand 
how rapid electron transfer between the redox centres can occur. However electron 
transfer between covalently immobilisqd GOD and strongly adsorbed 
N-methylphenazinium ion or polyvinylferrocenes(84) has been reported. , In the 
former case it is likely that a small amount of the mediator is lost from the electrode 
to diffuse between the GOD and- the electrode material. In the case Of 
polyvinylfen-ocenes, however, it is far more difficult to understand how this type of 
immobilised high molecular weight mediator can accept electrons from immobilised 
GOD. Indeed, it has been reported that polyvinylferrocene does not act as a 
(73) 
mediator for soluble GOD . It seems likely that the mediated responses reported 
by Turner et d84) are due to the presence of a small quantity of diffusible ferrocene 
derivatives, or possibly the presence of some free flavin species. 
In this section the use of soluble electron acceptors/donors to mediate the 
electron transfer between the inaccessible* active site of high molecular weight 
flavoenzymes and electrode surfaces has been described. This technique overcomes 
the many problems encountered in studies of the direct electrochemistry of 
flavoenzymes. Configurations where the enzyme is immobilised and the mediator is 
free to diffuse are also successful but immobilisation of both reactants results in a 
large distance ý being present between the redox centres and a less successful 
approach. II- 
In the following - sections the immobilisation technique used in the work 
presented in this thesis is discussed. -A detailed review of previous work on the use 
of an electrodeposition technique to immobilise flavoenzymes is given in chapter 4. 
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1.5 THE ELECTRODEPOSITION OF ORGANIC POLYMERS 
The aim of this section is to describe the type of organic polymers which have 
been produced by electrochemical methods. A comprehensive survey of the 
extensive literature devoted to conducting polymers is not included here as this topic 
(86-89) has been reviewed by several authors 
A wide range of organic polymers, both conducting and insulating, can be 
electrochemically deposited onto electrode surfaces. Many of these are potential 
candidates for the electrochemical immobilisation of redox enzymes described in the 
next section. 
The electrodeposition of polypyTrojes 
(87,90-95) polythiophenes 
(96-102) 
(103) (103,104) (105-107) (108), 
polyfurans polyindoles 9 polyanilines I polyfluorenes 
polypyridines (109). polyphenylenes(110"11) and polyphenols 
(112,113) has been reported. 
These polymers are produced by the electro-oxidation of the appropriate monomer in 
an electrolye solution, with the_ notable exception of polypyridines which are 
deposited cathodically. 
Apart from this wide range of parent polymers there has been much recent 
interest in the production of organic polymers which are modified with a variety of 
electroactive and catalytic groups (chapter 4). Furthermore a number of copolymers 
have been produced by electrodeposition from monomer mixtures. ý Ibis brief 
discussion demonstrates the large number of polymers which, can be produced 
electrochemically. This provides ýa wide choice of possibilities for any 
electrochemical enzyme immobilisation scheme. 
The electrochemical immobilisation of redox enzymes in organic polymers 
(168) provides a number of,; advantages over prývious immobilisation techniques 
Firstly, the growth of organic polymers can be performed quickly and reproducibly 
enabling a single step immobilisation procedure to be used. A further important 
advantage is that the electrodeposition of polymers can be controlled accurately 
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allowing the spatial distribution, thickness and porosity of the immobilisation matrix 
to be varied. Finally, due to the wide range of candidates available it is possible to 
choose a polymer with the required redox and stability properties when attempting to 
produce an immobilised enzyme device. --I1 11 . '. . 1, 
The work presented in this thesis is* concerned with the development of 
successful enzyme immobilisation technology using both conducting and insulating 
organic , polymers. No effort was exerted to determine the mechanism of - the 
electrodeposition process. Much time was devoted instead to understanding the 
operation of model immobilised enzyme systems. 
At the onset of this work there were few reports of successful strategies for 
electrochemical immobilisation of redox enzymes. However during the course of 
the experiments described in this thesis a number of reports concerning the 
electrochemical immobilisation of the enzyme glucose oxidase in a variety of 
organic polymers have , appeared. The literature dealing with this novel 
immobilisation method will be fully reviewed in chapter 4 of this thesis. 
1.6 THE ELECTROCHEMICAL IMMOBILISATION OF FLAVOENZYMES 
Ilere are few reports of the electrochemical immobilisation of redox enzymes 
in organic polymers (74.114-118). The work reported invariably uses glucose oxidase 
(GOD) and the authors concentrate on the detection of hydrogen peroxide or oxygen, 
the enzyme's natural electron acceptor, to monitor the enzyme reaction. 
Alternatively, artificial mediators are used to accept electrons from the immobilised 
GOD(74). 
It would be advantageous if a self contained system could be developed in 
which a mediator is included in the organic polymer film and is unable to diffuse into 
the surrounding bulk solution. This is necessary since there is no evidence to 
suggest that GOD can transfer electrons direcýy to the surrounding polymer. 
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The covalent immobilisation of the mediating species is not a widely 
successful strategy (section 1.4.2.2) as this approach results in the redox centres of 
the enzyme and mediator being spatially distant., A more realistic approach is to 
localise the mediating species within, the enzyme containing polymer. Here the 
mediator is free to carry electrons from the enzyme but not to diffuse into the bulk 
solution. The design of this type of system might make use of a negatively charged 
mediator and a positively charged conducting polymer resulting"in the electrostatic 
localisation of mediator within the film. A recent report(79) demonstrates that co- 
immobilisation of GOD and a mediator within a polypyrrole film results in a viable 
device. However due to the charge on the ferrocene derivative used being 0/+I it is 
difficult to see how the mediator is retained within an oxidised polypyrrole film of 
positive'charge for extended periods of time. 'Me authors do not comment on the 
stability of this system. 
A second promising approach to this problem is to covalently attach the 
electron transferring groups throughout the enzyme molecule. - It should then be 
possible to electrochemically immobilise the redox modified enzyme within an 
organic polymer. It should be noted that this approach will only work if the redox 
centres are relatively close, within the protein, and the modified enzyme can transfer 
electrons rapidly to the surrounding polymer matrix. 
Chapter 6 of this thesis describes work-on the production of this type of redox 
modified enzyme. Although a successful electrochemical immobilisation strategy 
for this type of enzyme has not yet been developed the production of a working 
device seems possible given the correct choice of organic polymer matrix. 
1.7 SUMMARY OF WORK PRESENTED IN THIS THESIS 
In the following chapter of this thesis all experimental techniques used during 
the course of the work are described. This includes all electrochemical and 
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biochemical instrumentation and methods. 
In chapter 3a working theory is presented which is used in chapter 4 to 
explain the operation of immobilised glucose oxidase systems using oxygen as an 
electron acceptor. Results are presented in terms of the kinetic and transport 
parameters determined for this system using the theoretical treatment. 
In chapter 5 an artificial mediator is employed to transfer electrons between 
the immobilised glucose oxidase and the conducting immobilised matrix. Again the 
response of this device is rationalised in terms of a specially developed kinetic 
model. A good understanding of the operation of such a system is gained. 
In the final experimental chapter methods for the covalent modification of 
glucose oxidase with ferrocene derivatives is presented. Although a successful 
electrochemical immobilisation strategy has not yet been devised, evidence to 
suggest that this type of modified enzyme is able to exchange electrons directly with 
clean metal and polymer coated electrodes is described. T'his electron transfer is 
rapid and does not appear to be accompanied by electrode fouling or significant 
enzyme denaturation. 
Finally in chapter 7 the implications of this work are discussed in terms of 
gaining a fuller understanding of the kinetics of the electrochemically immobilised. 
enzyme reaction. Ile wide variety of work which could be undertaken as an 
extension to this thesis is outlined in the last part of chapter 7. 
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CHAPTER TWO 
APPARATUS AND EXPERIMENTAL TECHNIQUES 
All experimental techniques and apparatus used in this thesis are described 
below. This includes all aspects of the instrumentation and methods used for 
electrochemistry. Also, methods used to assay enzyme activity and to modify redox 
enzymes are detailed. In the final section of this chapter the technique of 
ellipsometry is included and the use of this method to measure the thickness of 
polymer films is described. 
2.1 CONTROLLING ELECTRONICS 
The controlling electronics used in the majority of the electrochemical work 
were of a home-made modular design. These non-commercial modules are 
described in this section. The use of such modular components enables the 
construction of a number of types of control 6rcuits for use in the different types of 
electrochemical experiments. 
2.1.1 Modular Instrumentation 
The individual modular components are housed in a rack-type system, 
allowing their interconnection in any required configuration. Power is supplied to 
these modules via an independent d. c. source of ±9 Volts. The rack system is housed 
in a home-made aluminium box in order to reduce the pickup of electrical noise. 
This rack system, in conjunction with the other components of the control and 
recording systems, is shown in plate 2.1. The following types of individual modules 
were used: 
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-U 
4L- 
4L, 
At 
0-out ir M 
0 
- Potentiostat 
- Galvanostat 
- Voltage sources (0 to I volt, and 0 to 5 volt) 
- Voltage followers 
- Triangular wave generator 
- Unity gain differential amplifiers 
The potentiostat used was of a four electrode type, allowing simultaneous control of 
ring and disc electrodes. The configuration of this potentiostat, in which the 
reference electrode is held at earth, is shown in figure 2.1. 
When measuring nanoamp currents at a conventional macro-electrode (area 
greater than 0.10 cm 2) it is often necessary to employ a low pass Sallen and Key 
filter to smooth the signal. The circuit diagram for this type of filter is shown in 
figure 2.2. 
2.1.2 Ring-Disc Circuit 
The use of modular electronics allows the construction of circuits to provide 
potentiostatic or galvanostatic control of the ring and disc electrodes. In most cases 
simple potential control of the disc electrode alone was required. In certain cases, 
however, the need to provide independent control of the ring and disc potentials was 
present. Using the four electrode potentiostat described above, the voltage of one 
electrode can be ramped whilst the other electrode is maintained at a constant 
potential. Mie output from the two electrodes was measured by employing 
independent differential amplifiers and chart recorders. 
2.2 COMMERCIAL INSTRUMENTATION 
Modular instrumentation was either home-made (section 2.1) or consisted of a 
rack system containing a potentiostat, triangular wave generator, and differential 
amplifier, supplied by Oxford Electrodes. Voltage outputs were recorded on an XY-t 
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Figure 2.1 The potentiostat configuration 
V, 
V3 
R= variable measurinIg, resistors (R = 1.10,100, or 1000 kQ) 
1,2,3 are LM II operational amplifiers 
VI, V2, V3 arc voltage inputs (VI is at earth) 
qp 1 
qP 2 
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Figure 2.2 The Sallen and Key filter 
O/P 
R, and R2 are variable resistors (1.10,100,1000 ohms) 
fo = 27rqCIC2RIR2 
where C, and C2 are the circui t capacitors, P, =I pF and C2 0.5gF. 
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recorder, either -model PL3 (J. J. Instrumefits), or a 4enes 60000 (Gould). 
Alternatively measurements were made using a digital multimeter (Keithley model 
175 or 197). 
Short time current transients were captured on a digital storage oscilloscope 
(Could model OS4020) equipped with roll out facility. Once stored the transient 
data was down loaded to an XY-t recorder. 
2.3 ELECTRODES 
Platinum disc and ring-disc. electrodes were supplied by Oxford Electrodes. 
Stationary platinum and glassy carbon disc electrodes were specially designed for 
use with small volume cells, and were produced to order by Oxford Electrodes, - 7be 
specification of all'working electrodes used in this work are given in table -2.1.. 
Table 2.1 
Working electrodes 
Marking Type Disc area . (CM2) Encasing material 
Pt/Pt/A RRDE 0.390 Araldite 
Pvr RDE 0.393 KEL-F 
Pt/E RDE 0.385 Araldite 
Pt small stationary disc 0.127 Teflon 
GC small stationary disc 0.126 Araldite 
All electrodes were polished'in the following manner on receipt from Oxford 
El6ctrodes. Initially electrodes were polished with 25 micrqn aluminium oxide 
powder (Buehlerj in'glycerol on a Mechanical purpose-built polishing'de'vice. in the 
second stage of the polishing procedure the electrodes were washed thoroughly with 
distilled water, to prevent carry-over of particles of abrasive, and polished with 6 and 
then 3 micron diamond lapping spray (Engis). These sprays were applied to the 
lapping cloth along with Hyprez lubricating fluid (Engis). Final polishing was done 
by hand with a slurry of 1.0 and then 0.3 micron alumina (Banner Scientific) in 
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distilled water. This was applied to the electrodes using cotton wool. It is important 
that all polishing materials are kept dust free during polishing and storage to prevent 
contamination by unwanted particles of abrasive. Final polishing to 0.3 microns 
produces a mirror finish and was repeated prior to each experiment. In certain cases 
where the electrode became contaminated with particularly adherent polymeric 
materials it was necessary to revert to a6 micron polish and again work down to 0.3 
micron polish to ensure that the electrode was free from contan-driation. 
The geometrical dimensions of all working electrode surfaces were measured 
by use of a travelling microscope. Ten random measurements of each electrode 
diameter were taken and the mean used to calculate the geometrical electrode area in 
each case. 
Counter electrodes were constructed of platinum gauze (approximately 2 cm 2) 
which was spot welded onto a length of platinum wire to allow external connection. 
Alternatively, a coiled length of platinum wire (external diameter 0.5 mm) was 
used in conjunction with the small volume cells, or the air-tight perspex cell. The 
design of these cells is detailed in section 2.5 below. 
Potentials were measured with respect to a saturated calomel electrode (SCE) 
except where the air-tight perspex cell was employed, in which case a silver/silver 
chloride (Ag/AgCl) reference electrode was used. The calomel electrodes were 
either a commercially available type (Radiometer) or were of a specially designed 
home-made type. These purpose built reference electrodes incorporate a screw- 
thread fitting to prevent leakage of the interna) filling solution and resultant failure of 
the electrode due to dissolution of the external solder contact. The thread fitting is 
sealed to the inner glass section by means of a gas-tight teflon ring. The design of 
this type of electrode is shown in figure 2.3. Contact to the external solution is made 
via a low porosity ceramic frit (a gift from Kent Industrial Measurements Ltd). 
Ile potential of the home-made calomel electrodes was regularly checked 
against that of a commercial calomel electrode and was found to be within ±2mV. 
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Figure 2.3 The calomel reference electrode (twice actual size) 
copper contact 
epoxy\ 
platinum wire 
mercury 
screw thead fitting 
calomet' 
paste g ta sSw00 
yrex case 
Saturated 
KCI 
solid KCI -----+ceramic fI ri t 
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Any electrode found to deviate from this potential range was repacked with calomel 
and retested before further use. 
2.4 ROTATION APPARATUS 
Rotating disc and ring-disc electrodes were mounted on a bearing block 
(Oxford Electrodes) by means of an internal brass screw-thread contact. Rotation is 
achieved by direct drive from a printed armature d. c. motor and motor controller 
(Oxford Electrodes). 'Me electrode rotation speed is continuously monitored by 
means of a slotted opto-switch connected to the motor drive shaft and displayed in a 
digital form. This control system allows the accurate determination of electrode 
rotation speed, giving speeds of between 1 and 50 Hz (± 0.01 Hz). The electrode 
rotator block and motor controller are illustrated in plate 2.1. 
2.5 ELECTROCHEMICAL CELLS 
Three types of specially designed electrochemical cell were used in the course 
of this work. The use of different types of cell enabled the use of a range of sample 
volumes, temperature control and the rigorous exclusion of oxygen from the sample 
solutions when required. 
The majority of work utilized two compartment water jacketed pyrex cells of 
volume 15 or 150 CM3 in conjunction with rotating disc and ring-disc electrodes 
respectively. The design of this type of cell, figure 2.4, enables a stream of oxygen 
free nitrogen to be passed through the solution in the inner cell compartment prior to 
the start of an experiment. Oxygen is then prevented from diffusing back into the 
solution, during the course of the experiment, by maintaining a positive pressure of 
nitrogen in the cell. 
The counter electrode is placed in a second compartment behind a high 
porosity glass frit. 77his prevents contaminatl: On of the bulk solution by products of 
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Figure 2.4 Schematic representation of a waterjacketed two compartment 
electrochemical cell. 
electrode 
cell lid (PTFE) 
counter 
electrode 
IC calomel 
rc 
eI 
electrode 
ca 
N2 2 
glass frit 
rth,, 
e n thermostat lass frit rter 
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the counter electrode reaction. The cells are covered with a close fitting teflon lid 
which has holes for sample injection if required. 
The use of a2 cm 3 sample volume was allowed by the development of small 
pyrex cells and purpose made electrodes. These cells are of a simple two 
compartment design in which the reference electrode is contacted to the bulk 
solution by means of a capillary. 
The design and use of a purpose built gas-tight cell is described in chapter 5. 
This type of cell allows the complete exclusion of oxygen from sample solutions 
where required. 
2.6 TEMPERATURE CONTROL AND DEOXYGENATION OF SOLUTIONS 
Solutions were thermostatted at 25'C (±0.2'C) by use of a water bath and 
circulator (Grant Instruments model SE15), 6less otherwise specified. 
Deoxygenation of solutions used for electrochemistry was achieved by 
purging with nitrogen which had previously had traces of oxygen removed by 
passage through a train of dreschel bottles containing a caustic solution of 
anthraquinone-2-sulphonate in contact with zinc amalgam. This pretreatment was 
found to provide adequate solution deoxygenation and the use of the anthraquinone 
reagent is convenient since it is self indicating, turning from deep red to straw yellow 
when exhausted. 
Alternatively, oxygen-free nitrogen (Air Products) was used. Nitrogen was 
presaturated by passage through the solution in use before entering the cell. 
Deoxygenation was continued for at least 20 minutes prior to the start of an 
experiment. All solutions used for electrochemistry were treated in this way unless 
otherwise specified. 
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2.7 SOLUTIONS AND CHEMICALS 
All solutions were freshly prepared using water from a MilliQ water 
punfication system (Millipore). The system contains two nuclear grade ion 
exchanke and two organic scaven&g cartridges. After purification the water passes 9 
through a 0.2 micron filterto remove any fine particulate matter. The resulting water 
has a resistance of greater than 15 megohms. 
All glassware was cleaned by immersion in Decon 90 overnight, followed by a 
thorough rinsing in purified water. Glassware which was not completely cleaned by 
this procedure was immersed in hydrochloric acid solution (5 mol drIO) and, if need 
be, sonicated prior to reirnmersion in Decon 90 overnight. 
All simple inorganic chemicals were of analytical reagent grade and were used 
without further purification unless otherwise specified. All buffer reagents were 
supplied by Fisons or BDH and were of analytical reagent grade. 
Ferrocene monocarboxylic acid (Aldrich Chemicals) was purified by 
recrystallisation-ftorn 
Iti 
oluene(*119) before use. Ferrocene ethanoic acid and ferrocene 
butanoic acids were a gift from MediSense (UK) Inc. These acids were obtained in a 
pure form. 
Pyrrole and N-methy'lpyrrole (Aldrich Chemicals) were distilled under reduced 
pressure before use and stored under nitrogen at -200C for periods of less than a 
week. Aniline (Fisons) was distilled under reduced pressure and stored at 4'C until 
required. 
Glucose oxidase (EC 1.1.3.4) from Axiger was a gift from MediSense (UK) 
Inc. and was obtained as a concentrated solution (240 to 277 mg crn73) with an 
activity of between 36800 and 48400 UCn, 73. The units specified are described in 
ful. 1 in section 2.8. The glucose oxidase concentrate is stable for extended periods if 
stored in air tight. vialg'at 4'C. * 
P-fructosidase (EC 3.2.1.26) from yeast was purchased from Boehringer 
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Mannheim in a Iyophilised form and was stored dessicated at 4'C. Ilis preparation 
has an activity of 300 U mg-1. 
Peroxidase (EC 1.11.1.7) from Horseradish was purchased from Sigma (type ý 
II) in a Iyophilised. fonn with an activity of 150 U mg-1. This preparation was stored 
dessicated at -20'C. 
Catalase (EC 1.11.1.6) from beef liver was purchased from Boehringer 
Mannheim as a solution in glycerol (30% v/v) and ethanol (10% v/v). This 
preparation has an activity of 260000 Ucm-3. Before use this enzyme preparation 
was dialysed against phosphate buffer (3x250CM3 of sodium phosphate, 
0.085 mol dm-3, pH 7.0 at 4'C). This ensured the complete removal of all unwanted 
low molecular species. The dialysed concentrate was stored in sealed vials at 4'C 
until required. 
2.8 ENZYME ASSAYS 
This section describes all procedures employed to determine the activity and 
protein concentration of all glucose oxidase (GOD) solutions used. Ile activity of 
the GOD concentrates was determined regularly to ensure that these solutions were 
stable to storage. Activity assays consisted either of an oxygen electrode based assay 
or a dye-linked spectrophotometric procedure. 
The unit of enzyme activity used in all cases is defined as follows. One unit of 
GOD is that amount of enzyme required to convert I gmole of glucose to product per 
minute at pH 7.0 and 30T. Alternatively I unit of enzyme is that amount which 
consumes Igmole of molecular oxygen per minute (equivalent to 22.4gl of 
molecular oxygen per minute) under identical conditions. 
The stock glucose solution (1.000 mol dnj-3) used in these assays was allowed 
to equilibrate for 24 hours at room temperature before use. The assay procedures are 
described below. 
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2.8.1 The Oxygen Electrode Assay 
A conventional oxygen electrode (Rank Bros. ) was used to monitor the uptake 
of oxygen by GOD in the presence of P-D-glucose (120) . Output from the oxygen 
electrode was recorded on a Gould Series 60000 XY-t recorder. The sample 
chamber of the oxygen electrode and all assay solutions were thermostatted at 
25'C (+-0.2'C). A polarising voltage of 0.60 volts was used for oxygen detection. A 
constant stir rate was used throughout to produce controlled mass transport of 
oxygen to the membrane surface. Each GOD activity assay contained the following 
components: 
- glucose (0.10 mol dm -3 
- GOD (2 to 40 gg CM-3 
- buffer of required pH to a final volume of 2 cm3. 
Buffer and enzyme were introduced into the sample chamber and the lid fitted so as 
to exclude atmospheric oxygen. Once a constant oxygen tension was reached 
glucose was injected into the sample chamber using a microsyringe and the initial 
rate of oxygen depletion was measured. 
By varying the concentration of freshly obtained GOD in the assay a 
calibration curve was constructed which relates the rate of oxygen depletion 
(% sec7l) to the enzyme activity (U Cm-3). Such a plot is shown in figure 2.5. T'he 
activity of the stock GOD solutions could thus be measured at suitable time intervals 
by measuring the initial rate of oxygen depletion at a known GOD concentration. 
Assays were normally carried out at pH 7.0. A series of assays were, however, 
carried out at a range of pH values in order to determine the pH profile of the 
enzyme. Buffer solutions used were of three types. For pH I to 4a glycine-HCI 
buffer was used, and for pH 5 to 7 and 8 to II phosphate-citrate and glycine-NaOH 
buffers respectively were used. 
It was important to check that these buffer systems did not exert any unwanted 
inhibitory or destabilising effects on the enzyme. By comparing the pH profile 
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Figure 2.5 Relationship of GOD activity to rate of oxygen depletion in the 
oxygen electrode assay. 
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obtained with those present in the literature this effect was determined. The pH 
profile obtained was directly comparable to those previously determined for this 
enzyme (121-123). This indicates that the buffer systems used are suitable for use in 
the development and determination of pH optimum of GOD linked bi-enzyme 
assays. 
A further oxygen electrode based assay was developed to determine the pH 
optimum of a coupled GOD-0-fructosidase system. The consumption of sucrose by 
P-fructosidase was coupled to the oxidation of glucose by GOD(124). '17his coupled 
system is described by the following reactions. 
Sucrose + H20 ---4 (x-D-glucose + D-fructose (2.1) 
a-D-glucose -4 P-D-glucose (2.2) 
P-D-glucose + 02 --- ý gluconolactone + H202 (2.3) 
Reaction (2.2), the mutoration of cc-D-glucose, was found to proceed at a sufficient 
rate for the requirement of a second coupling enzyme mutarotase 
(Aldase-l-epimerase EC 5.1.3.3) to be eliminated(125). 'ne oxygen electrode assay 
developed contained the following components. 
- Sucrose (0.10moldm73) 
- GOD (50 U cm-3) 
- 0-fructosidase (220 U cm-3) 
3 
- buffer, of required pH, to a final volume of 2 cm . 
An excess of the coupling enzyme was included in order to minimise'any lag 
period produced by the coupling of the two systems. 
The sucrose and buffer solutions were equilibrated at 25T. Buffer and both 
enzymes were then introduced into the samp! e chamber and the lid fitted. Again a 
constant stirrer speed was used throughout. Once a stable oxygen tension had been 
reached the sucrose was injected into the sample chamber and the rate of oxygen 
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consumption was measured. Initial seconds after sucrose addition were discounted 
from the initial rate measurement due to the existence of a short lag period. 
Using the range of buffers described above, the pH optimum for the coupled 
enzyme system was determined. 
2.8.2 Spectrophotorpetric Detepnination of Glucose Oxidase Activity 
A second glucose oxidase (GOD) activity assay was also used which involved 
a colourimetric reaction. 'This was found to give directly comparable results to the 
simple oxygen based assay described above. 
The spectrophotometric assay utilises the peroxidase enzyme in conjunction 
with a chromogenic electron acceptor (126) and is based on the following system: 
glucose + 02 --ý gluconolactone + H202 (2.4) 
H202 + acceptor ---+ oxidised acceptor (coloured product) (2.5) 
The procedure used was a modification of that' described by Trinder (127,128). The 
chromogen. 4-aminoantipyr I ene (AAP) undergoes a "colour reaction with '' 
3,5-dichloro-2-hydroxybenzene sulphonic acid (DHSA) in the presence of 
peroxidase and hydrogen peroxide(129). By measuring the rate of production of the 
oxidised electron acceptor, reaction Q. 5j in the presence of saturating glucose the 
rate of glucose consumption by GOD can be determined. The coloured product has 
an adsorption maximum -at 520nm. The initial rate of increase in absorption at 
520nm (AA520min7l) therefore gives a measure of the GOD activity. The'assay 
contained the following components. 
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- glucose (0.10 mol dm -3) ýII, 
- DHSA (1.95x Ie mol dm-3) 
- peroxidase (0.003% w/v) 
- 4-AAP (2. Ox 10-4 mol dm-3) 
t" 
- buffer (0.133 mol dm73 sodium -phosphate containing IX10-3 mol dm-3 
EDTA) to a final volume of 2 crii73). 
The assay components were equilibrated at 30T and then thoroughly mixed. The 
reaction was initiated by addition of 50gl of GOD sample and the A520'monitored. 
The absorbance was found to have a linear time dependence over the first 60 seconds 
of reaction. Samples of GOD giving AA520min-1 of greater than unity were diluted 
as required. The GOD activity was'Calculated using the followingrelati0h ship. 
AA520 * X'M I Activity = 
C-y - -, 
Units mg7 
where AA520 is the absorbance change per minute at 520nm, x is the conversion 
factor to give AA520 for aI cm-3 addition of GOD sample (for a 5041 sample x= 20), 
M is the molecular weight of GOD (160000), c is the concentration -of GOD In 
mg crn73, and y is a unit conversion factor for, AA520 produced in'the presence of 
IXIG-6 moldnf-3 hydrogen peroxide by peroxidase. The factor y has a value of 12 
for this assay system. 
In conjunction with the protein concentration assay described below this 
activity measurement was'used to assay all GOD samples. The enzyme unit 
described is defined as follows. One unit of GOD is that amount of enzyme required 
to catalyse the oxidation Of IXIU-6 moles of P-D-glucose per minute at pH 7.0 and 
30'C, as previously specified. 
In the following section a method for the determination of the concentration of 
active, flavin adenine dinucleotide (FAD) containing, GOD is described. 
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2.8.3 Spectrophotometric Determination of Active GOD Concentration 
It is essential that the concentration of glucose oxidase (GOD) in all stock and 
assay solutions can be accurately determined to enable a good estimate of activity to 
be obtained. 
The enzymatically active form of GOD is known to contain two FAD centres 
per enzyme molecule (121,130-132). In the presence of the atmosphere, and the absence 
of the substrate, these FAD centres are in the oxidised fonn due to reaction with 
molecular oxygen. The absorbance spectra of free and GOD bound FAD are shown 
in figure 2.6. It is apparent that both free FAD(133) and GOD bound FAD(134) show 
pronounced absorption peaks at around 450nm in the oxidised state. 
By measuring the absorbance at 450nm (A450) of a, GOD. solution and with a 
knowledge of the molar absorption coefficient of enzyme bound FAD the 
concentration of active GOD, containing two FAD centres per molecule of enzyme, 
(135) can be determined using the Beer Lamber law 
A=ecml (2.7) 
where A is the absorbance, e is the molar extinction coefficient (dm 3 mol-1cm-1), CM 
is the molar concentration, and I is the pathlength (cm). The molar concentration of 
GOD is therefore given by 
CM = A450/F-1 (2.8) 
It is usual, however, to express I protein concentrations in units of mg cm-3. Using a 
cell pathlength of lcm and allowing for the fact that there are two FAD centres per 
GOD molecule, it can be seen that 
A450' -M 
2 (2.9) 
where c is the concentration of GOD (mgcm73) and M is its molecular weight. A 
value of c for GOD has been previously determined as l. 4lxl04dM3Moj-ICM-j(131). 
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Figure 2.6 Absorption spectra for free and enzyme bound FAD. 
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This fixed wavelength concentration assay was used to determine GOD 
concentrations in all aspects of this thesis. A calibration plot relating A450 to GOD 
concentration was produced by measuring the absorbance of a range of GOD 
solutions (figure 2.7). 7he slope of this. plot is 0.175 mC' cm3. The GOD 
concentrations of all sample solutions was calculated by multiplying the A45() value 
by the reciprocal of the calibration slope, providing a simple and accurate 
concentration assay. Samples giving A450 readings outside the calibration range (0 
to 2) were diluted as required. 71is assay was found to give an accurate measure of 
GOD concentrations greater than 0.05 mgcm-3 (or 3. IxIO-7 mol din-3). 
77he GOD concentration of all stock solutions was found to lie in the range 240 
to 277mgcm73ý The activity of these solutions was calculated as 36800 to 48400 
Unit cm73. Stock solutions were stable for periods exceeding 6 months when stored 
at 4"C in sealed vials. 
In the following section the procedures employed in the covalent modification 
of GOD with ferrocene carboxylic acid derivatives is described. 
2.9 THE COVALENT MODIFICATION OF GLUCOSE OXIDASE WITH 
ELECTRON RELAYS 
Glucose oxidase (GOD) was chemically modified with a sexies of ferrocene 
carboxylic acid derivatives. Techniques used in the preparation and purification of 
these modified GOD molecules will now be described. 
2.9.1 Preparation 
Ile modification procedure described by Degani and Heller (136.137) was used 
to produce three modified GOD species in which three differtnt ferrocene carboxylic 
acid derivatives were used as the modifying electron relays. 
In this procedure a water soluble carbodiimide coupling reagent 
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Figure 2.7 The relationship between GOD concentration and solution absorbance 
at 450nni. 
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( 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide, DEC ) was used to produce 
amide bonds between the amine groups of lysine residues present in-the GOD 
protein and carboxylate groups of ferrocene carboxylic acid derivatives. The 
experimental pH and temperature values were those previously described by Degani 
and Heller. Other experimental procedures %-ýere also those previously described by 
these authors except that once combination of all reagents was complete the mixture 
was removed from the ice bath, sealed and maintained at 2'C for 14 to 16 hours. 
After this period the reaction mixture was allowed to warm t6room temperature, 
shaken to resuspend any solid matter, and centrifuged., The supematent fluid was 
then centrifuged again and the modified GOD was separated from unwanted low 
molecular weight molecules by gel filtration. 
Control preparations were run in each case. Here the modification procedure 
was identical except that DEC was excludeý from the reaction mixtures. Control 
samples were then purified in an identical manner to modified GOD samples. The 
use of gel filtration to purify the modified enzyme is described below. - 1- -,, 
2.9.2 Gel Filtration 
Ilis technique is particularly well -suited to the separation -of proteins of 
different molecular size (138). In the case of the separation of modified GOD 
(molecular weight > 160000) from- starting materials and reaction biproducts 
(molecular weight <1000) this technique provides a particularly, fast and effective 
separation. This is of great importance because it is essential that the modified 
enzyme obtained is free from any non-covalently bound, diffusible ferrocene 
species. 
Gel filtration was performed on Sephadex G-15 or G-25 (medium, Pharmacia) 
in a 1.6x4O cm glass column (Pharmacia). Mie gel was preswollen at room 
temperature in the sodium phosphate running buffer (0.085 mol drif-3, pH 7.0) for 
4 hours prior to column packing. 
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After decanting fine particles from the surface of the gel suspension and 
washing the gel with fresh running buffer the column was packed by continuous 
pouring under gravity. Buffer was then run through the column for 2 hours to ensure 
complete settling and swelling of the gel. At this point the column was checked for 
cracks or air pockets with aI OOW electric lamp. 
Tle sample was then applied to the top of the gel and the column run. Elution 
was achieved either by use of a peristaltic pump (Phannacia P-3) at a rate of 
18.6 cm 3 h-1 or under gravity giving a flow rate of 20 CM3 h-1. Collection of eluted 
fractions was either automatic or manual with fraction volumes of 2 or 4 cm 3. Each 
fraction was assayed for enzyme activity and concentration and ferrocene derivative 
concentration before being placed in the fridge in air tight vials or used for 
electrochemical experiments. 
The concentration of low molecular weight ferrocene species in the eluant was 
monitored by measuring the peak height in cyclic voltammetry or by measuring the 
absorbance at 330nm. Although this wavelength is close to an absorption maxima 
exhibited by the enzyme (at 450nm and 370nm) there was no significant interference 
by FAD on the spectrophotometric determioation of free ferrocene species. Any 
doubts about the validity of such measurements were allayed by electrochemical 
monitoring. 
A plot showing the concentration of modified GOD and free ferrocene 
derivatives as a function of fraction number is shown in figure 2.8. This shows that 
the separation was complete. 
2.10 ELLIPSOMETRY 
In this section the use of ellipsometry (139.140) to determine the thickness and 
certain other characteristics of a growing poly-N-methylpyrrole film is described. 
The technique of ellipsometry is an accurate method for measuring optical 
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Figure 2.8 Column elution profile for the G-25 sepadex separation of modified 
enzyme from low molecular weight components. 
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constants of reflecting surfaces, and also for the determination, of the thickness of 
thin films deposited onto such surfaces. 71fis technique is based on the measurement 
of changes in the state of polarisation of light reflected 'from the, surface under 
investigation. From the point of view of the electrochemist, ellipsometry is useful 
since light with wavelengths in the visible region can be used permitting the in situ 
study of an electrode surface in an aqueous electrolyte medium. 
'Me three parameter ellipsometer employed measures cc (azimuth), 
e (ellipticity) and I (intensity) very accurately. 
The following sections describe the preparation of gold substrates for 
ellipsometry and the ellipsometric equipment'used to make, measurements on a 
growing conducting polymer film. The aim of the ellipsometric measurements is to 
provide an accurate relationship between the charge passed during polymer growth 
and the thickness of the growing polymer film. Ibis thickness parameter becomei 'i 
important when the response of glucose oxidase containing poly-N-methylpyrrole 
films is interpreted in terms of a theoretical model which contains the film thickness 
(1). 
2.10.1 Preparation of Gold Substrates 
Substrates for ellipsometry were prepared by sputtering, gold (99.99%) onto 
glass microscope slides (Chance Propper Ltd.; 'Smethwick)., The glass slides were 
washed in acetone and soaked in Decon 90 for 24 hours prior to use. After rinsing 
with distilled water and drying in an oven the slides were placed into the vacuum 
chamber of a sputter coater (Emscope Model SC500). Ilie vacuum chamber was 
evacuated and purged with the ionising gas, argon., Gold was then sputtered onto the 
upper surface of the slide using a solid gold sputtering target and a fixed potential of 
IkV. A current of between 10 and 15mAwas passed during gold deposition. The 
rate of metal depositionand the film thickness were monitored using a film thickness 
monitor (Edwards model FFM4). A rate of deposition of around IXIO-6CM min-' 
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was used to give a final film thickness in the region of IX 10-5 Cm. 
The slides made in this way gave uniform cyclic voltammograms, in 
background electrolyte and were found to be suitable for polymer electrodeposition. 
2.10.2 Ellipsometry and Film Growth 
Polymer films were deposited , from solutions of N-methylpyrrole 
(50moldrri-3) in a buffered electrolyte (0.015moldm-3 sodium phosphate, 
0.10moldrn73 tetraethylammoniurn tetrafluoroborate). In all cases film growth was 
potentiostatic and used a fresh home-made gold substrate. 
The ellipsometer used was a Rudolph Research rotating analyser automatic 
ellipsometer (model RR2000). ne optical components are mounted on an optical 
bench. 'Me light leaving the light source, a 633nm helium neon laser (5mW, 
Hughes) enters a polariser before being incident on the sample. An, angle of 
incidence of 61.46' was used in all cases. I'he reflected light then enters a rotating 
analyser and a 633nm filter before entering a photomultiplier tube. 71e,, rotating 
analyser consists of a quartz prism which is rotated at 50Hz by means of an electric 
motor. The use of interference filters positioned before the photomultiplier tube 
allow single wavelengths across the visible spectrum to be selected. 
Values of a, e and I can be recorded for each. analyser rotation (every 
0.02 seconds) allowing a rapidly changing electrode process such as the 
electrodeposition of an organic polymer to be followed. For longer duration 
experiments, several minutes, the ellipsometer can be employed to average every 10 
or 100 readings taken. 
A Matmos PC was used to control the potentiostat via a 12-bit digital-to- 
analogue converter and also to record the optical measurements made by the 
ellipsometer. This Matmos PC is interfaced to the ellipsometer electronics unit via a 
parallel input/output (PIO) board. Use of appropriate software (141) allows a variety 
of potential/time profiles to be employed and the readings of cc, e and I as well as 
56 
potential and sample number to be collected and stored on disk. 
In order to obtain the required values of film thickness the values of cc and E, 
the experimental parameters, were converted to values of A and T as the theoretical 
models are expressed in terms of these latter parameters, where 
cos2T cos2c cos2ce (2.10) 
tanA tan2c / sin2cc (2.11) 
Values for the changes in A, T and 1, corresponding to film growth, are entered into 
the appropriate analysis and fitting program (141) along'with initial guesses for the 
refractive indices (n and k). The fitting routine then iterates parameters until a best 
fit is found. 
The relationship between charge passed and film thickness produced in the 
case of poly-N-methylpyrrole was investigated in this way. 
Further simple experiments to follow the proposed adsorption of the enzyme 
glucose oxidase onto a clean platinum surface were undertaken. In this case the slide 
was equilibrated in the buffer prior to injection of enzyme solution to give a final 
concentration of 1 mg cm-3. Data was collected and analysed to reveal the extent of 
enzyme adsorption. Initial seconds after the injection of enzyme were discounted as 
this period was used to mix the solution týoroughly. The result of this type of 
adsorption experiment, although qualitative in nature, has profound consequences on 
the enzyme immobilisation experiments presented in chapters 4 and 5 of this thesis. 
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CHAPTER THREE 
THEORY 
In this section of the thesis a theoretical treatment of the different types of 
immobilised enzyme systems studied is presented. The theory below describes a 
situation where the enzyme is fixed in space within a polymer film on an electrode 
surface and is not free to diffuse within this film. The mediator described is either 
the natural electron acceptor for flavo-oxidases, molecular oxygen, or an artificial 
one electron acceptor ferrocene monocarboxylic, acid. - Surprising differences are 
seen in the way in which the two systems operate when using the same 
enzyme/polymer combination. An examination of the theoretical treatments for the 
two systems reveals that this difference arises not from the enzyme/mediator 
reaction, although the mechanism of this reaction is probably different from one 
system to the other, but from the site of reoxidation of the reduced mediator. 
The polymer used in this comparative work was conducting poly-N- 
methylpyrrole. However, insulating films of polyaniline and polyphenol were also 
used to immobilise glucose oxidase (GOD). The theory describing the saturation 
Idnetics observed in such cases is also described. 
It is interesting to note that the saturation responses observed are not due to 
Michaelis-Menten type kinetic turnover, at least in the case of the GOD-polyaniline 
system, but rather to a different rate limiting reaction. Such systems are described in 
detail in the latter part of this chapter. 
Whenever possible kinetic and diffusional parameters were extracted from the 
fit between experimental data and the appropriate theoretical model. These 
parameters are presented in chapters 4 and 5 and results from the different systems 
are compared. 
Finally, in this chapter, the theoretical results for limiting cases in the oxygen 
mediated GOD reaction are compared to the theoretical results obtained by other 
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authors for digital simulation of a similar system. This comparison is presented in 
section 3.3. 
We begin by describing the theoretical model the operation of GOD 
immobilised in conducting poly-N-methylpyrrole when oxygen is the mediator. 
Conclusions about the reaction site of the hydrogen peroxide produced and the 
kinetic processes occurring are drawn in the following chapter where the fit of 
experiment to this theory is detailed. 
3.1 OXYGEN MEDIATION TO AN IMMOBILISED ENZYME 
The theoretical expressions developed to describe the operation, of 
immobilised enzyme/diffusible mediator systems contain different expressions for 
the flux as a function of film thickness, enzyme loading, mediator concentration and 
substrate concentration in the bulk solution. Mie appropriate expression for the 
observed flux in each case depends on which reaction in the enzyme containing film 
is rate limiting under the experimental conditions used. In this section theoretical 
results for the limiting cases are presented. Initially the kinetic scheme of reactions 
occurring within the polymer film is described. 
3.1.1 The Kinetic Scheme 
In the model presented we assume that oxygen, the mediator, is available in 
the bulk solution and is not significantly depleted by enzymic removal. A second 
more important assumption is that there is no significant concentration polarisation 
of the substrate, glucose, in the external bulk solution. 
The substrate, S, has a bulk concentration of s.., a partition coefficient K, for 
entry into the polymer film, and a diffusion coefficient D. in the film. Thus the 
surface concentration of S in the film is given by Ks_. 
In all sections of this chapter a convention of using lower case letters to denote 
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concentrations of the various species is adopted. Ilie kinetic scheme is shown in 
figure 3.1. Ile kinetic processes occurpng are represented as follows: 
K, ýj k S+El' 
,- 
[EISI E2+P (3.1) 
k Fý+A --;.; 4 EI+B (3.2) 
k B4 A+2e (3.3) 
Here E, and E2 are the oxidised and reduced froms of the enzyme respectively. The 
reaction of El with the substrate, S, occurs throughout the film to form E2 and the 
product P. Ibis reaction is described by normal Micbaelis-Menten kinetics where 
KM and k,,,, have their usual meanings (142,143) . The E, form of the enzyme 
is 
regenerated by reaction with the oxidant, A, to form E2 and the reduced oxidant, B. 
B has a diffusion coefficient Dj3 and is reoxidised to form A either on the electrode 
surface or on the. conducting polyme. r(144). 
We can staft by constructing equations describing the concentrations, of the 
three species of interest in the film. 
de2 
= 
k,,, s(ez-e2) 
-kae2 (3.4) Tt Km +s 
ds 
= Ds 
2S k,,, t s (e 1: -e 2) 0 (3.5) Tt dX2 Km+s - 
db 
= D13 
d2b 
+kae2 =D-! 
La 
-kae2 =0 (3.6) Tt dX2 A dX2 
where x is the distance from the electrode surface and e 1: is the total concentration of 
immobilised enzyme given by the enzyme conservation equation 
el: =e I+e2 (3.7) . 
Applying a steady state approximation to equation (3.4) gives 
ks(er-e2) 
= kae2 (3.8) KM+s 
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Figure 3.1 General kinetic scheme for the immobilised enzyme reaction 
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Substituting into equations (3.5) and (3.6) and rearranging gives 
Ds d2s 
k kase Z0 (3.9) 
dx 2 k s +KM ka +kas 
DB £j 
2b 
+ 
k kase 1: 
=0 (3.10) dx2 k, s +KM ka +kas 
Two possible situations exist in this. case; the reduced -mediator, 
B, can become 
reoxidised either -on the conducting polymer or on the underlying metal electrode 
surface. 
To obtain an expression for the flux if B reacts rapidly on the conducting 
polymer, we must solve equation (3.9) with the boundary conditions 
at x=0 ýLs =0 (3.1 la) dx 
at x =I s=Ks. 
Alternatively, if B reacts at the electrode surface alone we must solve equation (3.9) 
for s, substitute into equation (3.10) and solve with the boundary conditions 
at x =0 b =0 (3.12a) . 
at x =. I b=0 (3.12b) 
In this'case it is instructive to consi I der a number of approximate solutions oýtained 
when the different reactions involved -are assumed to be rate limiting. In section 3.3 
these approximate solutions are compared to the results obtained by digital 
(145) simulation of such a system by Mel and Maloy 
3.1.2 Case A: (k,,, t+ka)s>Kmka 
The rate limiting step in this case is either the breakdown of the enzyme- 
substrate complex, described by k,,,,, or regeneration of El, described by ka. Under 
these conditions equation (3.9) becomes 
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Ds d2s 
kal kae 1: 
=0 (3.13) dx 2 k,,,, +ka 
and equation (3.10) becomes 
12b k,,, t kae 1: D13 " +- =0 (3.14) dx 2 kcat +ka 
Equations (3.13) and (3.14) must now be solved for S and B respectively. 
Integrating equation (3.13) twice shows that the solution is of the form 
kal kae 1: x 2* 
. Alx+Bl (3.1 15) 2DS(k, at+ka) 
Similarly the solution to equation (3.14) is of the form 
- k,,,, kae 1: x2 b= 
2D]g(kcal+ka) 
(3.16) 
Substitution of boundary conditions (3.11a) and (3.11b) to find A, and A2, and 
rearrangement gives the following expression for s 
k,,, kae E 
2D S (kc,,, +ka ) 
(x2 -12)+Ks_ (3.17) 
The expression for the flux of s, j, is given by the following 
js = Ds 
k,,,, kae 1: 1 (3.18) d'ý ýx) 
x=l 
k,, +ka 
Equation (3.18) shows that in this case the flux of substrate consumed by the film is 
simply the product of the film thickness with the slower of the two steps, kc"t or ka. 
It is interesting to note that in either of these cases the rate limiting step is 
independent of s. Equation (3.18) is appropriate if B reacts on the conducting 
polymer. If B reacts only at the electrode surface we must obtain an expression for 
b. 
Substitution of boundary conditions (3.12a) and (3.12b) into equation (3.16) 
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gives the following expression 
kcat kae 1: b=. - (Lx -X2) (3.19) 2DB(kcal+ka) 
The flux of B reacting at the electrode surface, j]3, is given by 
[ db kal kae 1: 1 jB D13 _] (3.20) C&7 2(kcat+ka) i X=o 
This expression is appropriate if B reacts only on the electrode surface. It can be 
seen that j]3=j, /2. This arises because in this case B is being generated at a uniform 
rate throughout the film and is equally likely to be lost to the bulk solution as to react 
at the elecmAe. 
3.1.3 Case B: (k,. t+ka)s<Kmka 
In this case the rate limiting step is the enzyme, El, substrate reaction. Ile 
rate now becomes dependent on the concentration of substrate. Under these 
conditions equation (3.9) becomes 
Ds d2s 
k se 1: (3.21) 
2 dx , KM 
and equation (3.10) becomes 
DB _ýLb + (3.22) dx 2 Km 
The solution for s, is then of the form -I 
A3 exp( x )+B3 exp( -x (3.23) XK XK 
where 
XK = (Ds Km lkcat er) IA 
Substitution of the boundary conditions (3.1 la) and (3.1 lb) and rearrangement gives 
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the required expression for s 
s =Ks_cosh(xIXK)Icosh(IIXK) (3.24) 
The flux of s, j, is then given by 
D, K, 
_tanh(l 
IXK)IXK (3.25) 
Once again j, is only appropriate if B reacts on the polymer. If B reacts on the 
electrode alone then we must obtain the appropriate expression for the flux of B, j]3. 
Substitution of equation (3.24) into equation (3.22) and integration gives 
-K, Vlcosh(XIXK) b= 
cosh(l/XK) 
+A4X +B4 (3.26) 
Determination of A4 and B4 by substitution of boundary conditions (3.12a) and 
(3.12b) gives 
b=[DsKsjDBcosh(IIXK)][(cosh(11XK)-I)xll+l-cosh(xIXK)] (3.27) 
The flux of B to the electrode surface, j]3, is obtained by differentiation of equation 
(3.27) and substitution into (3.28) 
[ db db iB'2 DB 
27) (3.28) 
to give the following 
jB = D, K, _[I - sech(IIXK)]Il 
(3.29) 
Ile expressions for s, b, j, and j]3 in each case are summarised in table 3.1. 
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Table 3.1 1 
Expressions for the concentration and fluxes of S and B in the 
different limiting cases. 
Parameter Expression Eqn. no. 
Case A: (k,,,, +ka)s >Km ka 
s [kcat kae x 12D s (kcat +ka )](X2_12)+KS_ 3.17 
b [kc,,, kaez12DB(kc,,, +ka)1(Ix -x 
2) 3.19 
is kca kae 1: 1 l(kcw +ka ) 3.18 
jB kcat kae 1: 1/2 (kc,, t +ka 3.20 
Case B: (k,,, +ka)s <Km ka 
s KsSosh(xIXK)Icosh(IIXK) 3.24 
b [DKsjDBcosh(IIXK)I[fcosh(IIXK)-I)xll+l-cosh(xIXK)I 3.27 
is DK., 
-tanh(IIXK)IXK 
3.25 
jB D., Ks-[ I- sech(l IXK)]Il 3.29 
Equation (3.29) predicts a maximum in j]B as a function Of 1. A plot of the 
dimensionless flux, given by jBXKI(DSKS_) as a function of the normalised film 
thickness, 11XK, is shown in figure 3.2. Eqýation (3.29) shows that when the film 
thickness is much less than the kinetic length (I <<XK) then 
jB = Ks_e 1: 112KM (3.30) 
In this "thin" film situation increasing 1 or el: increases the current because S is 
being consumed uniformly across the film. However when the film is significantly 
thicker than the kinetic length (I >>XK) then equation (3.29) becomes 
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Figure 3.2 A plot of the dimensionless flux, V, as a fUnction of the normalised 
film thickness, IIXK- 
41 
0-4 
02 
0 
0 5 
67 
I/XK 
jB = DsKs_ll 
In this situation all of the substrate is consumed by reaction in the film. 
Corresponding concentration profiles for this "thick" film situation are shown in 
figure 3.3. Here increasing the film thickness decreases the response. Furthermore 
changing the enzyme loading does not affect the current response. As the reaction is 
occurring mainly near to the polymer-solution interface then increasing the film 
thickness means that B produced must simply diffuse further to reach the electrode. 
This explains the theoretical decrease in response with increasing film thickness 
described by equation (3.31). The different cases are collected together on the case 
diagram in figure 3.4. 
In this theoretical treatment we have not used an approximation to describe 
Michaelis-Menten kinetics since the observed electrode responses are linear to very 
high substrate concentrations. This linearity is indicative of a low partition 
coefficient for substrate into the polymer film in the case of poly-N-methylpyrrole. 
However the current responses observed when other polymers are used are seen to 
saturate. This reflects a change in partition coefficient between different polymers 
and the adjacent aqueous phase. 
In cases where a saturation response to substrate is observed we must use an 
approximation for the Michaelis-Menten kinetics in the development of a useful 
theoretical treatment. By comparing experimental results to the appropriate 
theoretical model it is possible to determine whether the saturation response, seen at 
high substrate concentrations is due to a Michaelis-Menten type kinetic turnover. 
However if this is not the case the reaction limiting the response at high substrate 
concentration can be identified. 
A further advantage in the use of the approximation is that it allows fitting of 
all the experimental data in cases where non-Iinear response curves are obtained. In 
the case of poly-N-methylpyrrole systems, in which oxygen is the mediator, this type 
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Figure 3.3 Plots of the normalised concentration profiles for S (a) and B (b) in 
tile film as a funct ion of x/1. Tile va I tie.,,; of I IXK are shown -for each 
curve. (os =s IK, _, 
01, =bD, 3/DSK, _). 
10 
os 
(b) 
10 
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Figure 3.4 Case diagram for the system showing three cases and approximate 
expressions forjs and jB in each case. The bold lines show the case 
boundaries. 
11 og(kc at /ak) 
=kae. 1/2 B 
jS=kae., l 
logis/K 
16= 
OýKs. 
sech [XKJ) 
JT ýýel e' Ks. 
is KM 
- tanh(I'XK) 
j, 3= kc at ej 12 
jS = kc at e, 112 
L. 
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of theoretical model is not advantageous since linear current responses were 
observed in all cases. 
In the following sections a theory for the response of an immobilised enzyme 
system in which a non-linear substrate response is seen will be described. Polymers 
found to give this type of response, with oxygen as mediator, were of a non- 
conducting type. Tlis means that detection of the reduced oxidant, B, can now only 
occur at the electrode surface. 
3.1.4 Non-linear Dependence or Current on Substrate Concentration 
In this section an extension of the previous theory is presented. This enables 
us to fit all data from experiments using polymer/enzyme combinations which do not 
give linear substrate response curves. Use of the previous theory would only allow 
fitting of the data for limiting conditions; for example very high and very low 
substrate concentrations. -- 
This improved theoretical treatment of an immobilised enzyme system uses an 
approximation to deal with saturation kinetics and makes similar assumptions to 
those made initially in section 3.1.1. We assume, once again, that a is a constant. 
This means that there is no concentration polarisation of the mediator oxygen. 
From the previous theoretical treatment, equation (3.9) ý 
Ds d 
2S k, kasel: 
= dx 2 k, t s +KM k +kas 
We can define a number of parameters in order to simplify the derivation of the 
theory. 
s /S.. 
and as was shown previously, in section 3.1.3 
XK = (D, KM lka e 1: )'ý6 
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Using the ratio v then 
d2V Km kav, 
(3.32) 
X2 Kmka+(kcat7--+kas-)v d +ka s. )v 
where X is the dimensionless distance given by x 1XK. In order to simplify this 
expression further we can define the following ratio parameters 
0=k,,, Ika and y=s.. 1KM. 
Substitution of these parameters into (3.32) gives 
d 2V v-=0 (3.33) 
d X2 I+Y(I+P)V 
t 
We now use the approximation 
u- A+u 0<<u <<I (3.34) I+Au (I+A)2 ' 
where u is the normalised substrate concentration given by v and A is equal to 
^1(1+0). Now 
d2V 
_7 
(1+p)+V 
=0 (3.35) dX2 f 1+ y (I+p)))2 
The solution to this expression is then of the fonn 
, y(1+0)+v = B, exp( + B2exp( (3.36) 
and ý1- 
dv 
exp x 
B2 
cp( -x (3.37) dx 14-7(i+p) 1+^1(1+0)) 1+7(1+p) 1+, Y(I+P) 
Solution of equation (3.37) with the boundary conditions 
atx=O dsldx=O 
atx =1 s =s.. 
shows that 
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B2 =I +y (I +0)12cos h [I IXK (I +y (I +P)) I 
Substitution of the integration constants B, and B2 into equation (3.37) gives 
cosh( 14'Y(7 
v 
cosh( 
1 
1+0) 
1 \- FO) 
(3.38) 
XK 11+^1(1+0)) 
If b reacts on the polymer we must obtain an expression for J, the flux of S- 
dv I 
dX x--Ilxjr 
[ 
XK 
and 
is = 
Ds 3- dy. 
XK dX 
I 
x--I/Xjr 
so that 
is = 
Ds 
M tanh( 
1 (3.39) --TK- Xk(l+'Y(I+P)) 
We can obtain j. expressions for each possible case by making assumptions about 
the rate limiting reaction. 
i) kcat Ika >> I 
In this case it is the reaction between E2 and the mediator A which is rate limiting, so 
that 
Ds. 
(3.40) is =- tanh(. XK XK I -ý'Y 
If we assume that oyp >> I then 
D. s.. 
tanh (I 
I)-I 
(3.40a) XK YPXK 
and when 
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117 PXK '*' ,1v js = kae 1: 1 Case I 
I ly PXK >> I, js = sjD, kal e 1: IKM)lh Case Illa 
Alternatively, whenyp << I then 
is tanh(-L) X 
(3.40b) 
K XK 
and when 
1 IXK >> I js = s. (D, kc,,, e 1: IKM)'A 
Case IlIa 
11XK << I, j, =sýkcaeIIKM Case Illb 
ii) kct Ika << I 
In this case the reaction described by kca, becomes rate limiting so that 
is 
D. s.. 
tanh (1 (3.41) 
XK 0") 
If we assume that y>1 then 
is 
Dssoo 
tanh( (3.41a) 
XK 7XK 
and when 
11yXK<1 
, 
js =kcxel: l Case II 
1 IyXK >I js s.. (Ds kca, e 1: 1KM) 
Case'IIIa 
Alternatively, when y< I then 
D., s,, 
Js T-- tanh( 'T (3.41b) 
K K 
and when 
1 1XK >I is = S-(Ds kcat e 1: IKM)ý' Case Hla 
I IXK <I, js = s.. kca, e 1: 1 IKM Case Mb 
The expressions for j. together with the dependence on each of the reactants are 
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given in table 3.2. It is apparent that a unique pattern of reaction orders is found for 
each theoretical case. 
Table 3.2 
Expressions for js and the rate dependencies for each case 
Case j, expression 
ej: 
kae 1: 1 
e 
Illa s JI)kc,,, e 1: IKM Ih 
Hlb s Jc,, t eyI IKM I 
Reaction order 
a.. S. 
1 0 
10 0 
00 1 
10 1 
The case diagrams demonstrating the relationship of these cases to each other 
is shown in figure 3.5. This is essendaUy similar to the case diagram in figure 3.4. 
However we now have expressions describing crossover of the case boundaries so 
that data in all regions of the case diagram can be fitted to the appropriate theoretical 
expression. 
These expressions for j, are approprike only if B reacts on the conducting 
polymer. However, data obtained for this type of situation was from experiments 
using insulating polymers. In such cases B must diffuse to the electrode surface to 
react and, once again, we are interested in expressions for jB, the flux of B to the 
electrode surface. 
To find jB we must substitute equation (3.38) into the expression for b, 
equation (3.10). 
D d2b + 
k, kase , 
dX2 kcat S +Km ka +kas 
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Figure 3.5 Case diagram showing the relationship between the different j, 
expressions when an approximation is used to describe a saturation'ý 
type current response (section 3.1.4). 
XK'*"'-'l logo 
tog8 
100 = tc 
log 0 
tog 
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Making u= bla. then 
d2u D. s. v 
d2+-=0 x, DBa. [l+, y(I+P)v] 
(3.42) 
Integration of equation (3.42) with the following boundary conditions gives the 
required expression for jB 
at x =0 b. =0 
at x =1 b =0 
Taking equation (3.42) we once again use approximation (3.34) so that 
d 2U 
+f 
-f(1+0)+v 
-ýX-T D]3aý [1+, Y(I+P)]F 
Substitution of v from equation (3-38) gives 
d 2U D, s.. coshr%/f 1"(I+D))] 
_0 dX2 ' DBa.. [I+, y(l+p)) cosh[I/XK(I+y(I+P)jl 
Integration of this expression gives 
du sinh[Xlfl"(1+ß»] 
dX 
+ DBaý cosh[IIXKII"(1+ß»] -+B3' 
0' 
Integration again gives 
D, s,. cosh[X/fl+y(1+0))] u+;.. - I1 +7 (1 +P)) ,+ B3 X+ B4 ": 0 Dj3a.. cosh[IIXK ( 1+, y(l+p))] 
Substitution of the boundary conditions shows that 
D. s.. LK-[cosh[IIXK 
( I-Py(l+p))]-I]X+l DBa. cosh[I/XK(I+, y(1+0))] I 
- cosh [X/ +y (I 
Now we require an expression for jB where 
iB = D]3 DB 
a,., du 
dx 
x -0 
XK dy 
. z-o 
(3.43) 
(3.44) 
(3.45) 
(3.46) 
(3.47) 
(3.48) 
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and 
du 
-I 
Dssfl+y(I+P)) f LK [cosh[IIXK 
I 1+^1(1+P))]- 
dx DBa.. cosh[IIXK (I+Y(1+0))] I 
sinhrX I( I+y (3.49) 
( I+y(l+ 
Substituting in for X=0 gives 
du I Ds. (I+ly(l+p)) XK 
f 
cosh [I IXK (I +y (1 (3.50) 
-0 
dX 
X- 
DBa. cosh[IIXK(I+, y(l+p))] I 
and for X=I 1XK 
du 1 Ds. JI+y(I+ß» 1 LK [ 
cosh[IIXK (14, y(I+ß»l-Ij dx x--1/Xr DBa. cosh[IIXK 
1 1-Py(l+ß»] 1 
sinh[IIXK f 1+, y(l+p))) 
It is apparent that 
(3.51) 
du I du I D. s.. [I+y(l+p)) sinh[IIXK f 1+, y(l+p))] 
dX 
-0- 
dx x--I/Xc Dj3a.. coshfl/XK(I+y(1+0))] [1+7(1+0)) 
. 
1, 
Ds. 
tanh[I/XK f I-t: y(I+P))] (3.52) DBa.. 
The fluxes of S and B are seen to balance as expected in this system 
-iB(Z--IIXK) -": 
jr(X--IIXK)- 
As the expression for jB is given by 
jB= =DB 
a.. du 
XK dX 
I 
r-O 
then the required expression is given by 1 -1 
iD - 
D., s. l+, y(1+0) 
- 
XK f 
cosh[IIXK (1"(I+P))]- (3.53) XKcosh[IIXK(I+, y(IT7p))] 1 
11 
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so that 
D, s. I+Y(1+0) fI- 
sech [I IXK I1 +7 0 +0)) 11 (1ý54) jB, ý 
We can obtain jB expressions for each possible case by making assumptions about 
the rate limiting reaction. 
iii) kcallka >> I 
In this case we are again assuming that it is the reaction between E2 and the mediator 
which is limiting. 
jB = D. s.. (1"0)11 (1 -sech[11XK J I+y(l+p))]) 
If we now assume thatyp >> I then 
j]3 = Ds., yoll (I - sech[IIXKyo]) 
and when 
IIXK'yp<< 1 jB=ka-el: 112 
I 1XK'f 0 ýý 1 jB = D, S.. 2k,,,, IIKM k a.. 
Alternatively when yp << I then 
jB = Dsjl (1- sech[IIXK]) 
and when 
I IXK >> I, j]3 = D., s., Il 
I IXK '*: ý 19 jB = k,,,, e 1: s. 1 12KM 
iv) kcat Ika << I 
(3.55) 
(3.55a) 
Case I 
Case, IV 
(3.55b) 
Case HIa 
Case Illb 
In this case it is the reaction described by k,, that is assumed to be rate limiting so 
that 
JB=D, s JI +, y)// (I- sech [I 1XK (I +y)]) (3.56) 
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If we assume thaty> I then 
j]3 = D, s , yll fI- sech [I IyXK ]) 
and when 
I I^fxK 19 jB = k,,, e 1: 1/2 
IIYXK It jB = DsS- 211KM 
Alternatively when y< I then 
jB = D, sjl fI- sech[l IXK 1) 
and when 
11XK I jB = Dfsjl 
1 IXK IiB= S- kcal e 1: SJ 12KM 
(3.56a) 
Case 11 
Case V 
(3.56b) 
Case Illa 
Case Hlb 
The expressions for the flux of B to the electrode surface, jB, and the reaction 
orders with respect to each of the reactants are summarised in Table 3.3. Once again 
it is apparent that there is a unique pattern 6f reaction order dependencies in each 
case. This should allow the data from each experiment to be placed on the case 
diagram and the boundary crossing concerned to be identified. The case diagram 
showing the relationships of the 6 cases is shown in figure 3.6. In chapter 4 data 
obtained for polyaniline / glucose oxidase and polyphenol / glucose oxidase system 
are fitted to this theory and the resulting kinetic parameters presented. 
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Figure 3.6 Case diagram showing the relationship between the different jB 
expressions when an approximation is used to describe a saturation 
type current response (section 3.1.4). 
I/ XKC'Cl lon R 
tog 8 
I /X Y, >> 1 
tog 
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toa 
Table 3.3 
Expressions for jB and the dependencies in each case 
Reaction order 
Case j]3 expression I 
ey a.. S. 
k a_e 1: 1/2 1' 10 
II kal ej 1/2 1 , '0 
Illa D. s . /1 
0 -1 0 1 
Illb kcw ezs. 1 12KM 1 '0 f 
IV D, S.. 2kca IIKM k a.. 0 2 
V Df S. 211KM 0 0 2 
3.2 REACTION OF THE MEDIATOR ON THE CONDUCTING 
POLYMER IMMOBILISATION MATRIX 
In the theoretical model presented in section 3.1 expressions for J, and jB 
were derived for each possible kinetic case. This theory relates to a situation in 
which the enzymically active, oxidised, form of the mediator, A, is present in the 
bulk solution. Furthermore there is no provision in this theory for concentration 
polarisation of A. Chapter 4 shows that all data from experiments involving the 
detection of hydrogen peroxide fits well to this theory when the jB expressions are 
used to describe reaction of B at the electrode surface. In such cases there is no 
available evidence to suggest that reaction of B occurs on the polymer itself or that A 
is concentration polarised. 
When the artificial mediator ferrocene monocarboxylic acid is used to accept 
electrons from the reduced form of the immobilised enzyme a different situation 
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arises. Now the reduced form of the mediator is added to the bulk solution. This is 
oxidised within the polymer to produced the enzymically active form of this 
mediator. 
The theory developed below describes a situation in which the mediator, A, is 
produced electrochemically within the polymer film, or on the electrode surface and 
the enzymically produced reduced form of the mediator, B, is detected either on the 
polymer film or on the electrode surface. A study of the experimental data obtained 
from such a system allows the reaction site of the mediator to be determined. Such 
an analysis is presented in chapter 5 of this thesis. 
We will begin by describing the kinetic scheme for such a system. 
3.2.1 The Kinetic Scheme 
In this system the reduced mediator is oxidised with a rate constant k. lle 
oxidised form of the enzyme then reoxidises the substrate reduced enzyme with a 
rate constant kin. The kinetic scheme is shoWn in figure 3.7. 
We begin by constructing equations for the concentrations of A and S, the 
species which react directly with the enzyme. 
d2a kmkEsel: a DA-; - dx 2 
+k(a. -a)-- km a +k Es 
"ý 0 (3.57) 
and 
d2s km k Esez a 
2. =o (3.58) dx kma+kEs 
We also define a number of ratios at this stage. Ibis will allow the derivation of the 
theory to be simplified. These dimensionless variables are as follows 
u =a1a. 
v =S/S.. 
XK = (Dlk 
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Figure 3.7 Kinetic scheme for the reaction of the reduced mediator at the 
electrode or polymer surface. 
e 
B Ered. 
km kg 
Eox. 
electrode or polymer 
The notation used is described fully in section 3.2. 
P 
S 
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O=aJs. 
, y=kma-IkEs. 
kmej: lk' 
Use of these dimensionless variables allows equation (3.57) to be written in 
the form 
d 2U 
+(1-u)=* 
014V 
=0 (3.57a) 
dX 2 -fu +v 
and equation (3.58) to be written as 
d2v 
+ 
OUVO 
=0 (3.58a) 
dX 2, YU +V 
Looking at the kinetic scheme, figure 3.7, it can be seen that 
, y>> 1, km a. >>kES. all enzyme in El form. 
y<< 1, km a-<<kEs. all enzyme in E2 form. 
0>>1, kme, >>k' all mediator in B form. 
P<<l, kMej<<1 all mediator in A form. 
>> 1, a. >>s. 
s.. >>a.. 
We start by considering the situation wheny<< 1. 
i) km a.. <<k ES- 
In this situation equations (3.57a) and (3.58a) become 
d2U 
+(I-U)-pU =0 (3.59) 
dX 2 
and 
d 2V (3.60) 
.12 
+OUO=o 
dX 
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Rearranging equation (3.59) gives 
d2U (1+0)u +I 
dX 2 
The solution to this expression is of the form 
(1+p)u -I= B5 exp 
I 
X(I+P) 111) + B6 exp 
I- 
X(1+0) 111) (3.62) 
Using the boundary conditions 
X=O u =1 
X= I1XK U =I 
and substituting into (3.62) gives expressions for the two integration constants. 
I 
B5 
exp(- I (I+P) AIXK)] 
2sinh(I(I+P)'4/XK) 
and 
I 
B6 
exp(l (1+0) AIXK) - I] 
2sinh(l (I+D)IAIXK) 
Substitution back into equation (3.62) gives the required expression for u as 
U= 
sinh[X(1+0)lhlXx)+sinh[(I-X)(I+P)%IXK) 
(3.63) 
1+0 sinhfl(1+0)IXK) 
so 
p 
. 
d2v 
+ 
4(1+p) sinh[X(I+P)'A/XK)+sinh((I(I+P)"4/XK)-(X(I+P)'A)) 
0 (3.64) 
dX 2 I+P sinhfl(I+P)IXK) 
Integration of equation 3.64 gives 
. 
dv 
+ 
cosh[X(l+p)'AIXK)-coshf(1(1+p)"'/XK)-X(I+P)A) 
+ B7 ý-- 0 (3.65) dx I+P (I+P)Ninh (I (I+P)IXK) 
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In order to obtain an expression for 
X=O dv/dX=O 
so that 
I- cosh (I (I +0)'AIXK 
II :- 
B7 
(1+p)Ninh(l(I+p)A/XK) 
Substitution for B7 into equation (3.65) gives 
dv 
+- 
ßý 
X+ 
ß 
-[coshX(I+ß) (3.66) dy 1+ß (I+ß) ýýsinh (1 (I+ß) ý61XK) 
- coshf 1 (1+0) 
Ih IXK -X(1+0) 
1/2 
)- I+coshfl(I+P)'hIXK)II 
The expression for j, is given by 
js = D, 
ds 1- Ds- dv 1 
dx 
x=, 
XK dy. 
Therefore the required expression for J, is given by 
-D, s. po 
[1 20 1 
XK 1+0 XK 
+ 
(1+0)ý4 
f 
tanh(l (1+0)ý41XK) 
sinh(1(1+0)rh/XK)II 
(3.67) 
Different limiting cases can be obtained from this expression. If we assume that 
(I+A) ý11XK << I then 
js +-D., 
sjol 
(3.68) 
X2(1+p) K 
and when 
>> I, js =- DrS. ýIIX 
2= ka. 1 Case I K 
p.,: n I, j= _D S Opl/X2 =k el: a. 1 Km Case Il 
Further limiting cases are obtained when we assume that 11XK << 2p(l+p)"6. In this 
87 
case 
is -- 
2D, S p2o 
(3.69) 
xK(i+P)3/2 
and when 
S. ýplhlX 21 P>>l, j, =-2D, .K= 2a. (D, km e j: ) Case TH 
P << I, js =- 2D., S Op2O1XK 
The situation when 0 << I is not a possible solution since we have assumed that 
1(1+0) th 1XK >> I- 
Solution for j., when kAf a. << kES- gives 3 clearly different cases depending 
on the rate limiting reaction. Now we will alter the limiting conditions for the j, 
expression toy>> 1. 
ii) km a. »k Es. 
In this case we are assuming that the reaction of E2 with A is fast with respect to the 
EI/S reaction. 'Mis means that all the enzyme is present in E, form. 
Here equations (3.57a) and (3.58a) become 
Av 
+ (I+U 0 (3.70) 
dX2 
and 
A+0 
(3.71) 
dXý 
In this case we must solve for v. The solution is of the form 
v= B8 exp(X(00/y)ý4) + B9 exp(- X(f4/y)4) 
Differentiation of this expression gives 
dv I + (00/, y)AB8exp(Z(f4/, y)A)-(Pý/, y)ABgexp(-y dx (fýoty)A) (3.72) 
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Substitution of the appropriate boundary conditions 
at X I1XK v 
at X0 dvldX 0 
and evaluation of the constants of integration gives 
I B8= Bg = 1/2cosh [I (00/y) ý61XK 
and substitution of B8 and B9 into equation (3.72) gives 
dy sinh f x(P 
dX cosh fI (PV7)IhIXK) 
Using the expression for 
js = Ds 
ds I Dss- dy 
dx 
x=l 
XK ýX 
I 
x--IlXjr 
the required expression for j,, for the case y >> 1 is 
-D, s.. I is 
XK 
(po/y)Nanh fI (Doty) AIXK 
Again we can obtain the limiting cases for the above expression of 
II (I IXK) (f4/y) A >> I, js = (D., s. JXK) (Pý/y) A 
I j,, =s.. (DkEel: )A 
(11X )(f4/ )'A,,: n 1, j=D SjýIX2, y KssK 
js = s-lk Eel: 
(3.73) 
(3.74) 
Case IV 
Case V 
It is apparent that there are 5 different caseý arising from this analysis. These are 
summarised in table 3.4. This form of the model is the most general form presented 
and as such is applicable to a number of enzyme / mediator systems. Again a unique 
combination of reaction order dependencies are obtained for each of the 5 cases. 
The relationship between these cases is demonstrated on the case diagrams of figure 
3.8. 
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Figure 3.8 Case diagram showing the relationship between the different 
expressions for the situation described in section 3.2. 
= log2 + log)3/fl-+-J3--' 
log)3 
-1/2 tog(l+)3) 
e loa(I/X, l 
p 
IIX, F)30-TY =1 
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Table 3.4 
The different j, expressions for each case 
I Reaction order Case j, expression 
1,1 a.. S.. el:, 
I ka.. l 1010 
II kmel: a.. l 1011 
IIi 2a. (D, km e j: ) 100 
1/2 
IV s. (DkEel: )" 010 1/2 
v kEs. el: l 0111 
A systematic variation of a., s.., I and el: in a conducting polymer 
immobilised enzyme with ferrocene monocarboxylic acid as mediator in solution is 
presented in chapter 5. The data obtained is fitted to the above theory and kinetic 
parameters describing the processes occurring over a wide range of experimental 
conditions are presented. Some interesting differences between the use of oxygen 
and the ferrocene derivative as a mediator are apparent. The way in which the two 
systems operate is also discussed in chapter 5 following presentation and 
interpretation of all the relevant experimental data. 
3.3 COMPARISON TO PREVIOUS THEORETICAL MODELS 
The theoretical work of Mell and Maloy (145) is directly comparable to the 
theoretical treatment presented in the first section of this chapter. In this short 
section good agreement between the two theoretical approaches is demonstrated. 
Whereas this chapter describes a number of approximate solutions, corresponding to 
the limiting cases, the work of Mell and Maloy involves digital simulation of an 
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enzyme/mediator reaction. 
In their work, these authors assumed that the regeneration of the reduced 
enzyme by reaction, with oxygen was rapid. Ilis corresponds to the case where- 
ka >>kat in our -notation.,, 
The digital simulation results will now be compared - to 
those described in the initial section of this chapter. Equation (18) of reference 145 
can be written in our notation. Rearrangement of this expression gives 
jB 
mkcat e 1: 12 
+2 (3.75) 
D, s. K lkcat e 
where m is a function of 121X 
2. It can be seen from equation (3.75) that the first K 
term corresponds to equation (3.29) and that the function m introduced in reference 
145 is 
m= [I - sech(IIXK)]-l (3.76) 
The second term in equation (3.75) corresponds to equation (3.20) when we 
put ka >>k,,,. It is apparent, therefore, that there is good agreement between the two 
approaches to this problem. 
In the next two chapters experimental results for a number of immobilised 
enzyme systems are presented. The data obtained are. interpreted by, use of the 
appropriate theoretical model. 
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CHAPTER FOUR 
THE IMMOBILISATION OF GLUCOSE OXIDASE IN ORGANIC POLYMER 
FILMS; ELECTROCHEMICAL DETECTION OF HYDROGEN PEROXIDE 
This chapter describes'the electrochemical immobilisation of, glucose oýidase 
(GOD) in organic films produced by the electropolymerisation of simple organic y 
monomers. The technique of electropolymerisation may result in conducting 
polymers, in the case of polypyrroles (88,91,146) and polyanilines 
(105,107.147), or in 
(113,148.149) polymers that are usually insulators in the case of polyphenols 
Conducting polymer films have been used to immobilise a number of 
electroactive and catalytic groups at electrode surfaces. In many cases this has been 
I- I 
achieved by covalent binding of the functional centre of interest to the pyrrole 
monomer prior to electropolymerisation. Examples of functionalised conducting 
polymers are numerous and include pyrroles modified with viologens (N, N'-dialkyl 
4,4'-bipyridiurn saltS)(150), ferrocenes 
(151-153)2 2,2-bipyridine, complexes of 
(154-156) 157), quinones 
(158). nickel (II) cyclam(159) and ruthenium or copper( 
porphyrins 
(160-'162k 
A more straightforward method of immobilising a charged species in a 
conducting polymer is to 
_use 
the species of interest as a dopant, or counter ion, for 
the polymer. This approach is effective since polypyrroles have an overall cationic 
charge in their oxidised, conducting state. Anions which have been used as dopants 
for conducting polypyrrole include simple species such as ferricyanide (163,164) and 
cobalt(II)acetate(165), porphyrinS(166), phthalocyanines 
(167) and more recently the 
(74,114,115) 'large redox enzyme glucose oxidase 
In this chapter the electrochemical immobilisation of glucose oxidase (GOD) 
in organic polymer films is described. The response of the entrapped enzyme to the 
substrate glucose (equation 1.4) is determined electrochemically by monitoring one 
of the productg of. the enzyme Teactfon, hydrogen peroxide. An amperoffietridmode 
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of hydrogen peroxide detection is described 168) . The responses of the immobilised 
GOD systems are interpreted fully in terms of the specially formulated kinetic 
models presented in the previous chapter of this thesis. 
Initially the GOD/poly-N-methylpyrrole system is discussed and results for 
such systems interpreted. Tlis system was the subject of much investigation and is 
well understood. Following this data for GOD electrochemically immobilised in 
polyaniline and finally polyphenol are presented and interpreted. 
In the last section of this chapter the flexibility of this type of electrochemical 
immobilisation technique is illustrated in terms of a bienzyme system involving 
either coimmobilisation of two enzymes or the elecaWeposition of one enzyme 
(168) 
containing layer on top of another 
A widely applicable immobilisation technique of this type must involve the 
electrodeposition of enzyme containing polymers from aqueous solution. It is 
preferable that these growth solutions contain a relativel high buffer capacity since y 
the electropolyrnerisation process liberates protons which could have a detrimental 
effect on the enzyme. Ile production of conducting polymers from buffered 
aqueous solutions will now be discussed. 
4.1 ELECTRODEPOSMON OF POLYPYRROLES FROM 
AQUEOUS SOLUTIONS 
There have been many reports, over the past decade, concerning the 
(87,88,91,169-172) electrodeposition of conducting polypyrroles on electrode surfaces 
17he vast majority of this work has used an organic solvent, commonly acetonitrile, 
as the p9lymerisation medium. Although redox enzymes, such as alcohol 
dehydrogenase, have been used as catalysts in organic solvents(173-174)9 a number of 
problems have been highlighted when attempting to use an enzyme/organic solvent 
mix e. 
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The solubility of many redox enzymes in organic solvents, such as acetonitrile 
and ethyl acetate (174), is limited and problems associated with enzyme instability 
persist. 
A recent - report(' 16) describes, the electrodeposition of glucose oxidase 
containing polyindole from an acetonitrile/electrolyte medium. However, the use of 
an organic electrodeposition medium, such as acetonitrile, does not represent a 
widely applicable immobilisation strategy. Many of the redox enzymes which will 
be of interest in the development and characterisation of this type of enzyme system 
are not as robust as glucose oxidase. For this reason any immobilisation procedure 
which is designed to be applicable to a range of enzymes must make use of a 
buffered, aqueous electrodeposition medium. 
There are relatively few reports of the polymerisation and characterisation of 
polypyrroles in aqueous media. It has been known for some time that the pyrrole can 
(175) be chemically oxidised in aqueous solutions to form a polymeric species . -In a 
recent example the ferric ion is used to chemically oxidise pyrrole in acidic 
(176) 
solution . In the context of enzyme immobilisation this work serves only to 
illustrate that the polymerisation of pyrroles in aqueous solutions is feasible. The 
use of electro-oxidation to produce conducting polypyrrole films on electrodes from 
a variety of aqueous solutions has been reported (93,94,177-179). These'reports have 
excluded the use of buffers to control the solution pH during the electrodeposition 
procedure. Genies and Syed have studied films of - polypyrrole and poly-N- 
methylpyrrole, deposited from acetonitrile, in aqueous solutions of different pH(180). 
They found that the stability to potential cycling and the apparent redox potential of 
these polymers depends strongly on the pH of the bulk solution. This clearly 
demonstrates the importance of controlling the solution pH during any investigation 
of the electrochemical Properties of polypyrrole. 
A further important consideration is the pH of aqueous solutions used for the 
elecuWeposition of polypyrroles. A detailed account of the effect of pH on the 
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elecuWeposition of polypyrrole 
(181) and poly-N-methylpyrrole (182) has been given 
by Pletcher and co-workers. ý I'hey found that the potential,, pH and choice of 
electrolyte were all important factors in determining the electrochemical and 
physical properties of the resulting polymer films. Good quality films of both 
polypyrrole and poly-N-methylpyrrole were produced from neutral solutions 
containing potassium nitrate as electrolyte. 
A surprising difference between the mechanism of electrodeposition of the two 
polymers was observed. Although the initial stage of growth proceeds by 
instantaneous nucleation and'three-dimensional growth in both cases it was found 
that in the case of poly-N-methylpyrrole the growth became -diffusion controlled 
after the point at which a peak, in the I-t transients occurred. In contrast it was 
observed that the electropolymerisation of pyrrole in neutral 'solutions was never 
diffusion controlled. Correspondingly it was found that the falling portions of the 
I-t transients for polypyrrole growth were potential dependent whereas those for 
poly-N-methylpyrrole were not. Analysis of the rising portion of the I--; t transients 
gave linear plots of I Vs t2 over the potential ranges studied. Ibis is consistent with a 
growth mechanism involving instantaneous nucleation with three-dimensional 
growth for both these polymers. 
. Accurate control of the growth potential was found to be essential. Ile use of 
high potentials, greater than 800 mV (SCE) and 900 mV in the case of pyrrole and 
N-methylpyrrole respectively, lead to a decrease in the'charge under the resulting 
I-t transients. This is explained by these'authors in terms of overoxidation of the 
polymers at such high potentials resulting in loss of conjugation of the polymer chain 
and the production of polymer films of poor quality and low conductivity. The use 
of high potentials is obviously disadvantageous in the production of polypyrroles. 
A study of the cyclic voltarnmetry of the two monomers at a clean metal 
electrode revealed two anodic peaks, in each case, on the first potential sweep. The 
first peak was found to correspond to the oxidation of the monomer and the second 
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peak to the destructive over-oxidation process already, described. In the case of 
poly-N-methylpyrrole these peaks are well separated (by around 250 mV) so that 
undesirable polymer characteristics, seen when the potential is taken to a value 
higher than the first peak, can be avoided. In the case of pyrrole, however, the two 
peaks are almost indistinguishable, making it very difficult to prevent polymer 
overoxidation. 
,, For this reason it is advantageous to use poly-N-methylpyrrole and not the 
parent polymer as an electrode material. This allows overoxidation of the polymer 
chains to be avoided and a reproducible, stable electrode material to be produced. 
A more recent report demonstrates that good quality film of polypyrroles can 
be produced from neutral aqueous solutions by potential cycling, potentiostatic or 
galvanostatic techniques(183). Also the choice of anion, but not cation, was seen to 
have a, profound affect on the electrochemical characteristics of the resultant 
polymer. 
It is apparent, therefore, that a variety of techniques can be used to 
electropolymerise pyrroles from aqueous solutions of defined pH. A polymerisation 
system was needed in which the reproducible growth of stable and adherent polymer 
films from buffered, and ultimately enzyme containing, growth solutions could be 
achieved. The development of such a system is described below. 
4.2 THE DEVELOPMENT OF A POLYMERISATION SYSTEM 
COMPATIBLE WITH ENZYME IMMOBILISATION 
The electrodeposition of polypyrrole and poly-N-methylpyrrole from a range 
of aqueous electrolyte solutions was investigated with a view to developing a system 
compatible with enzyme immobilisation. 
In initial investigations polypyrrole films were produced from aqueous 
solutions of pyrrole (0.01 to 0.10 mol dm-3) in sodium chloride electrolyte (0.10 to 
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0.25 mol dm-3). This resulted in good quality polymer films when a potential step 
from zero to between 700 and 900 mV (vs SCE) was applied. The resulting 
polypyrrole films were even, adherent and stable to potential cycling over several 
hours., The addition of buffer (0.15 mol drn-3 sodium phosphate, pH 7.2) to the 
solutions resulted in a shift in the potential range producing adherent polymers (800 
to 1000 mV, vs SCE) and a decrease in the electrochemical stability of the films was 
noticed. The electroactivity of these films was quickly destroyed by potential 
cychng in buffered background electrolyte. 
The effect of buffering the solutions is to maintain neutral pH at the electrode 
surface. This is not the case in unbuffered solutions since the electropolymerisation 
of pyrrole is known to liberate protons 
(184). In this unbuffered case a pH gradient 
develops - during the electropolymerisation procedure. The reason why 
polyrnerisation of pyrrole in the presence of phosphate buffer produces unstable 
films is unclear. Due to the unsuitability of pyrrole, as previously described, the 
monomer was changed to N-methylpyrrole. Tlis monomer has already been shown 
to have advantages over the parent polymer when used for 
(180,182) electropolymerisation 
Once again films were grown potentiostatically from solutions of monomer 
(0.01 to 0.10 mol dm73) in the presence of sodium phosphate (0.15 mol drri-3, pH 
7.2) and electrolyte (0.10 to 0.25 mol drh-3). Poly-N-methylpyrrole films produced 
in this way were found to be of greater stability to potential cycling than 
corresponding polypyrrole films. The most stable films were produced using 
monomer (0.05 mol dm73), sodium phosphate (0.15 mol drrr3, pH 7.2) and 
tetraethylammonium tetrafluoroborate (TEA TFB, 0.1 mol dm73). Potential steps 
from 0 volts to between 750 and 900 mV (vs SCE) were found to give even, adherent 
and electrochemically stable poly-N-methylpyrrole films. These films gave a stable 
and reproducible background current when 'potentiostated at 850 to 950 mV (vs 
SCE) in background buffered electrolyte once the polymer charging current was 
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allowed to decay. Current-time (1-t) transients for this potentiostatic film growth 
are shown in figure 4.1. 'ne growth procedure employed resulted in good 
reproducibility of the growth transients and therefore in films of reproducible 
thickness and properties. Careful potential control (± 2 mV) of the working 
electrode is essential in order to achieve a high degree of reproducibility. 
A detailed analysis of the I-t transients in the absence and presence of 
enzyme is given later in this chapter. Conclusions are also drawn about the 
mechanism of film growth, with and without enzyme, later in this section. 
Once this reproducible method of poly-N-methylpyrrole film growth had been 
developed an attempt was made to accurately determine the relationship between 
charge passed during polymer growth and film thickness for this system. The use of 
ellipsometry (139,140) to determine the'thickness of poly-N-methylpyrrole films in situ 
I 
is described in the following section. 
4.3 ELLIPSOMETRIC MEASUREMENT OF FILM THICKNESS 
An accurate measure of film thickness as a function of charge passed during film 
growth was required. Several attempts have been reported in the literature to 
measure the thickness of similar types of film. Methods of film thickness 
measurement which involve removal of solvent from a polymer are of little use in 
estimating the thickness of a solvated film realistically. Tberefore an in situ 
technique is required which can give estimates of the solvated film thickness at short 
time intervals during film growth, without the need to dry or in any way alter the 
morphology of the film under examination. 
Multiple beam interferometry has been used to estimate the thickness of a 
cobalt doped polypyrrole film(165). 7bis technique gave a value of approximately 
100 A for a charge of 12 mC crif-2 passed during film growth. Also eRipsometry(139) 
has been employed to determine the thickness of polypyn-ole-tetra-fluoroborate (185). 
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Figure 4.1 Current transients for the potentiostitically controlled polymerisation 
of N-methylpyrrole at a series of potentials., 
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A linear correlation between film thickness and charge passed was found over the 
range studied (40 to 75 MC CM-2) . 
This gave a value of around 16 k MG-ICM2 
which is in reasonable. agreement to that determined -by multiple beam 
interferometry (165). However, a large discrepancy exists between this data and the 
previously established estimate of 0.1 jLm when passing 24 MC-ICM2 . 
Assuming a 
linear charge-thickness relationship this is equivalent to 42 
X MC Cm-2 
(186). 
Apart from this conflicting data there does not appear to be a good estimate of 
film thickness of polypyrrole films. Furthermore there is no information available 
relating to the thickness of poly-N-methylpyrrole films deposited from buffered 
aqueous solutions. Using ellipsometry a reliable estimate of film thickness as a 
function of charge was obtained. This is needed since the theory used to interpret 
the data obtained from enzyme containing poly-N-methylpyrrole films later in this 
chapter contains a parameter describing film thiciness. 
' 
In the following section data will be presented for ellipsometric measurement 
of film thickness measure in situ. 
4.3.1 Determination of the Charge-Thickness Relationship 
In order to measure the film thickness as a function of charge passed films 
were grown potentiostatically and a current-time transient was measured at the same 
time as the ellipsometric parameters I, cc and e (see section 2.10.2). Thicknesses 
were calculated and plotted against the appropriate value of charge obtained by 
integrating the area under the current-time transient. A plot of potential and 
thickness against time is shown in figure 4.2. This shows a linear increase of 
thickness with time on stepping from zero volts to a polymer growth potential. A 
plot of charge passed against film thickness iý shown in figure 4.3. This shows that 
the film growth is linear as a function of charge passed over the range studied. Ile 
graph has a slope of 2.2 nm mC-lcm2 (22 A mC-lcm2). This value will be used in 
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Figure 4.2 Poly-N-methylpyrrole film thickness as a function of time (each 
sample is 20ms) and applied potential (50 mmol d M-3 
N-methylpyrrole, 0.1 mol dM-3 sodiurn phosphate, 0.15 mol drn-3 
TEA TFB PH 7.0,20*C). 
. 
98 
V) 
LA P, 48 
. 38 
uj 
. 28 
. 18 
I 
-. le 
- im 
SRMPLE 
28 
18 
16 
14 
. 
ýE 12 00 , 10 
w- 
.X 
, 4v 58 log ISO 288 250 308 
102 
Figure 4.3 Film thickýe-ss as a ftinction of'charge density during film growth 
(taken from the data presented in figure 4.2). 
150( 
1 00C 
_x 
500 
40 80 
Q/MCC(Tý, 
103 
the determination of kinetic and mass transport parameters later in this chapter and 
compares to one of 16 X MC-ICM2 for polypyTrole(139). It is likely that the higher 
value obtained for the N-methyl substituted polymer is at least partly due to the steric 
bulk of the methyl groups in this film. 
4.4 ELECTROCHEMICALIMMOBILISATION OF GLUCOSE OXIDASE 
IN POLYPYRROLE - 
This section will re view work on the use of conducting polypyrrole as an 
immobilisation matrix for redox enzymes. Workers in this field have invariably used 
glucose oxidase (GOD) as the redox enzyme in an attempt to produce viable glucose 
sensors. 
The first description of the electrochemical immobilisation of an enzyme in an 
organic polymer appears to be by Aizawa and Yabuki(l 14). These authors describe 
the characteristics of a GOD-conducting polypyrrole membrane. During the course 
of the work described in this thesis a number of authors have described similar 
experiments to those originally conducted by Aizawa and coworkers using GOD 
immobilised in polypyrrole. 
Foulds and Lowe(74) described a method of electrochemically immobilising 
GOD in polypyrrole deposited onto printed platinum substrates. Enzyme containing 
films were grown potentiostatically for periods of around 21/2 hours (table 4.1). 711is 
presumably results in the formation of thick polymer films. The authors concentrate 
on the use of this system as an amperometric glucose sensor and do not describe 
attempts to optimise the electrode response in terms of choice of monomer, growth 
conditions, film thickness or enzyme loading. The effect of varying the 
concentration of GOD in the growth solutions was investigated. The enzyme 
activity included in the polymer films was found to increase linearly with the 
concentration, of enzyme in the growth solutions over, the limited range studied 
104 
(around 0 to 2.0 mg CM-3 enzyme). No atterýpt was made to determine whether the 
hydrogen peroxide reacts on the polypyrrole, which surrounds the enzyme, or has to 
diffuse to the underlying platinum substrate to be oxidised. Furthermore the effect 
of varying the polymer film thickness on the response was not described. 
T'hese factors are of primary importance if the response of this type of enzyme 
electrode is to be characterised and hence optimised. 
A further report describes a very similar immobilisation procedure involving 
th e same en 
- 
zyme-polymer combination(' 
15). Ilie results from this investigation are, 
however, conflicting with those obtained by Foulds and Lowe(74). Ile authors again 
used a potentiostatic polymer deposition method involving the lowest possible 
electxWeposition potential (0.65 volts vs Ag/AgCl) as shown in table 4.1. The use 
of. this low potential was claimed to minimise possible enzyme degradation. 
However, there is no evidence to suggest that potentials greatly exceeding this value 
have'any detrimental effects on this enzyme (74,114,116) . The authors conclude that 
hydrogen peroxide detection by electrochemical oxidation is not feasible in this 
system. They suggest that at the oxidative potentials (>0.8 volts vs Ag/AgCl) 
required for hydrogen peroxide detection the polypyrrole itself is degraded resulting 
in it becoming detached from the electrode. This is in contrast to the previous 
report(74) in which, the authors make no mention of polymer instability or 
degradation in the presence of hydrogen peroxide. 
Due to this proposed degradative effect hydrogen peroxide was detected using 
87.188) a secondary Mo(VI) catalysed iodide oxidation reaction(' . The iodide 
produced was determined by reduction at around 0 volts (vs Ag/AgCl). 
H202 + 2W + 2r- m2ZI 112 + 2H20 
12 + 2e - ---ý 21- 
(4.1) 
(4.2) 
This system has the significant disadvantage of having to add iodine and catalyst to 
each assay solution. The rate of iodine reduction was measured as an indirect 
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Table 4.1 
Glucose oxidase immobilised in polypyrrole 
Electrodeposition 
method/conditions 
Typical film 
thickness 
[enzyme] in 
growth solution 
Method Of 11202 
determination 
Useful glucose 
detector range 
% of initial response 
after seven days 
Ref. 
Potentiostatic unspecified 0 to 2.1 mg amperometric 10-3 to approx 75% (d) 74 
growth at 0.8V CM-3 (b) detection of 10-IMOI dM-3 
in unbuffered 0 to 250 U 11202 at 0.70V glucose 
pyrrole (<02 
' -3 cm (C) steady state 
mol darý. measurement 
Printed Pt. ink 
electrodes used, 
growth for up to 
2.5 hours 
potentiostatic up to 5.0 prn 8 to 19 mg indirect 10-4 to approx 3% 115 
growth at 0.65V. CM-3 determination I ernol Chn-3 
Polished Pt or 100 to 500 U by Mo(VI) glucose 
glassy carbon CM-3 catalysed r 
electr-ode usedL oxidation rate 
Buffered or (pA miri-1) 
unbuffered in KCI measurement 
solution, pymle 
0-5 mol. diAl 
Notes 
(') All potentials vs Ag/AgCl 
(b) Based upon estimate of 125 00OUg-I for type VII GOD (sigma) 
(c) pH 7.0 phosphate buffer, 25*C 
(d) Stored in pH 7.0 phosphate buffer, 4"C 
(') Potentiostated at 0 volts, pH 6.5 buffer 
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measure of the rate of hydrogen peroxide production by the enzyme. The authors 
claim, somewhat surprisingly, that GOD carries a net cationic charge. They attempt 
to increase the degree of enzyme incorporation into the polycationic polypyrrole by 
lowering the proposed positive charge on the enzyme. 
An almost total loss of the electrode response to glucose after a seven day 
period was explained by proposing that strong electrostatic repulsion between GOD 
and the surrounding polypyrrole results in expulsion of the enzyme over this period. 
This must be a spurious interpretation as the isoclectric point of this enzyme is 
known to be in the region of 4.2 (189). The enzyme will, therefore, carry a 
polyanionic charge at the pH used by these authors (pH 6.5 to 7.0). 
It is apparent that there are a number of fundamental disagreements in this 
work. Furthermore, these reports do not describe any real attempts to characterise 
the electrode responses or to gain an understanding of the way in which such systems 
operate in terms of the Idnetic and transport processes occurring. A final important 
consideration is that all of this work employs polypyrrole as the enzyme 
immobilisation matrix. It has been demonstrated previously that poly-N- 
methylpyrrole has certain advantages over the parent polymer (180,182). The use of 
poly-N-methylpyrrole is therefore preferable in the development of a successful 
electrochemical immobilisation strategy. 
In the next section the immobilisation of GOD in films of poly-N- 
methylpyrrole will be described. A highly Successful immobilisation procedure is 
defined together with a Idnetic model which allows the understanding and 
characterisation of this immobilised enzyme system. 
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4.5 ELECTROCHEMICAL IMMOBILISATION OF GLUCOSE OXIDASE 
IN POLY-N-METHYLPYRROLE 
A new system was developed in which glucose oxidase (GOD) was 
immobilised in films of poly-N-methylpyrrole. 
This procedure involves the use of buffered aqueous solutions for both enzyme 
immobilisation and determination of the responses to glucose. Poly-N- 
methylpyrrole is more stable than the parent polypyrrole (section 4.2) and is not 
degraded by hydrogen peroxide. 
Hydrogen peroxide produced by the immobilised GOD, in responsel to 
additions of glucose, was detected amperometrically. The electrode responses to 
glucose over a range of polymer film thickness and enzyme loadings were measured. 
Comparison of the results with our theoretidal model (section 3.1) enables a good 
understanding of kinetic and transport processes in the film to be achieved. 
The primary objective of this work was the development of a model system 
rather than the production of a viable glucose sensor. 
In the following section the method used to measure the enzyme reaction in 
the polymer film, the amperometric detection of hydrogen peroxide, will be 
described. Also of primary importance in gaining an understanding of the operation 
of this system is the determination of the site of reaction of hydrogen peroXide. This 
is a factor which has not been accounted for by previous authors (74,115). 
The methods used to determine the site of reaction of hydrogen peroxide at the 
poly-N-methylpyrrole/glucose oxidase (pNMP-GOD) modified electrodes ý are 
described the section below. 
4.5.1 The Detection of Hydrogen Peroxide 
11 1 The oxidation of hydrogen peroxide *at a pNMP-GOD modified platinum 
rotating disc electrodes was studied. GOD was included in the polymer filmS used to 
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ensure that they were of comparable porosity. and morphology to those studied in the 
following sections of this chapter. All pNMP-GOD modified electrodes were 
produced by the potential step method described in section 4.5.2. 
A potential of 0.80V (vs SCE) was applied to the stationary platinum electrode 
in a solution of N-methylpyrrole (0.05 mol dM-3) in buffered electrolyte (0.10 
mol dM--3 TEATFB, 0.15 mol dnj-3 sodium phosphate at pH 7.2,25'Q containing 
GOD (5 mg crrf-3). A total of 190 (±5) MC cm-2 was passed during each film 
growth. Films were washed by rotation in buffered electrolyte prior to immersion in 
a deoxygenated solution of hydrogen peroxide in buffered electrolyte. 
Initially polarograms were recorded (5xlO'-5mol cm-3 hydrogen peroxide) in 
order to determine the limiting current for hydrogen peroxide at this type of modified 
electrode (figure 4.4). It is apparent that the limiting current for oxidation is reached 
at 0.70 volts and that for reduction at -0.60 volts. 
A system of hydrogen peroxide detection based on its reduction is not feasible 
for the immobilised GOD system. This is because the response of the immobilised 
GOD to glucose is measured in air saturated solutions. The oxygen in these 
solutions is electroactive, being reduced at potentials below -0.30 volts, in this 
system. This oxygen reduction would contribute a large non-enzymic current and 
make the reduction of enzymically produced hydrogen peroxide difficult to quantify 
with any accuracy. For this reason hydrogen peroxide detection by oxidation was 
favoyred. By poising the pNMP-GOD electrodes at a potential corresponding to the 
limiting current for the oxidation of hydrogen peroxide the enzymic reaction can be 
monitored. Detection potentials of between 0.80 and 0.95 volts (vs SCE) were found 
to be suitable, with no polymer instability or degradation apparent. 
Once this suitable detection had been established, the oxidation of hydrogen 
peroxide at the pNMP-GOD electrodes was examined as a function of hydrogen 
peroxide concentration and rotation speed. For each hydrogen peroxide 
concentration a freshly prepared electrode was used. Concentrations in the range 
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Figure 4.4 Polarogram for the oxidation of hydrogen peroxide (5x 10-5 Mol CM-3) 
in buffered electrolyte (0.1 mol dm-3 sodium phosphate, 0.15 
mol dm-3 TEA TFB, pH 7.0,25"C in the absence of molecular 
oxygen) at a poly-N-methylpyrrole coated platinum electrode 
(A =0.385cm2, rotation speed =4 Hz). 
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5x 10-8 to IX 10-6 Mol cm-3 hydrogen peroxide were used. ýI 
The measurements were made as follows. 7lie modified electrode was stepped 
to a potential of 0.9 volts in a buffered electrolyte solution (25"C, pH 7.2) and a 
period allowed for the resulting current to decay. A current of below 100 nAmps 
was reached in each case. The appropriate volume of stock hydrogen peroxide 
solution (30% v/v) was then injected into the cell using a glass/teflon syringe. The 
electrode response was measured at a series of rotation speeds for each hydrogen 
peroxide concentration. 
(190) The data was initially analysed in terms of the Levich equation 
iL = 1.554nFAD 2AV-116W 1'4a.. (4.3) 
where n is the number of electrons involved, A is the electrode area (CM3), D is the 
diffusion coefficient of H202 in solution (cm 2 s-1), v is the kinematic viscosity of the 
aqueous medium (cm2 s7l), W is the rotation speed (Hz) and a.. is the bulk 
concentration (mol crii-3). 
This simple analysis of the limiting current is only applicable if the hydrogen 
peroxide can undergo a kinetically fast oxidation on the surface of the conducting 
pNMP-GOD matrix. Plots of iL again WA were, however, found to be non-linear in 
all cases, indicating -that a 
further degree of complexity is involved. The predicted 
Levich currents were reduced, the effect being particularly marked at higher rotation 
speeds. 
Ibis implies the existence of an additional rate limiting process of some type. 
The most likely explanation of this effect is that the oxidation of hydrogen peroxide 
on the pNMP is Idnetically slow so that it must diffuse through the polymer to be 
oxidised at the underlying platinum surface. 
This hypothesis was confirmed to be correct by using a modified Levich 
equation to analyse data obtained by varying hydrogen peroxide concentration and 
film thickness. 
III 
The Koutecky-Levich (K-L) equation('91) contains a term to describe diffusion 
of the electroactive species through a layer of thickness 1, at a modified electrode 
surface. 
I-I+1 
iL k'Da. nFA VME a.. 
(4.4) 
where VD is the mass transport rate constant(191) given by equation 4.3, 
(k'D =1.554nFA D 2AV-116W IA) and k'ME is the rate constant for the rate limiting 
process occurring within the modified electrode. 
Where this process is diffusion the tenn VME can be written as 
VmE = KD11 (4.5) 
where D' is the diffusion coefficient for H202 through the pNMP-GOD matrix and 
K is the coefficient describing partition of H202 into this matrix. 
It is apparent that the slope of the K-L plots contains information about the 
diffusion of hydrogen peroxide in solution (D) whereas the intercept term pertains to 
its diffusion within the pNMP-GOD matrix (D ý. Using this analysis it is not 
possible to separate the two transport terms contained within the K-L intercepts; 
diffusion and partition of hydrogen peroxide. Plots of QL)-l against W-A were 
found to be linear in all cases (figure 4.5a). By replotting the K-L intercepts (figure 
4.5b) and K-L slopes (figure 4.5c) as a function of (a.. ri values of D and KD 'can 
be detennined. 
The gadient of the K-L slope against (a.. )-' plot is 
1.02xIG-2Amp7Is2'4molcm-3. Using a value for n of 2, A=0.38 CM2 and 
V= IXIO-2 CM2 s7l a value for D of 7.9xI 0-6CM2S71 was determined. nis 
compares to- 0.6 to . jXleCM2 s-1 determined by anodic oxidation at a platinum 
(192) 
surface 
The gradient of the K-L intercept against (a.. )-' plot is 
3.89x1O-2Amp7'moI cm73. As this slope is equal to (km_rnFA)-l a value of VME 
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Figure 4.5 a) Koutecky-Levich plots for the oxidation of hydrogen peroxide at a 
poly-N-methylpyrrole coated platinum rotating disc electrode 
(A = 0.385 cm-3 ,I=4.18±0.1 IXIO-5 cm) at concentrations between 
IXIO-7 and IXI O--6Mol CM-3 hydrogen peroxide (pH 7.0,25"C). 
Figure 4.5 b) Plot of the Koutecky-Levich (K-L) intercept as a function of 
reciprocal hydrogen peroxide concentration. 
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Figure 4.5 c) Plot of the K-L slope as a function of reciprocal hydrogen peroxide 
concentration. 
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can be determined. Using the constants defined above a value of k"ME Of 
3.51xlO-4cms-1. Alternatively as VME is equal to KD11 and as the film thickness is 
known 0=4.18±0.11 x10-5 cm) a value for KD' can be calculated as being in the 
range 1.43 to 1.5 IX10-8 CM2 rl. 
From equations 4.4 and 4.5 it is apparent that if this secondary diffusional 
process is occurring then the K-L intercept should show a linear dependence on the 
pNMP-GOD film thickness, 1, at a fixed concentration of hydrogen peroxide. 
Experiments were conducted at a range of film thicknesses. For each film 
thickness a K-L plot was constructed. A plot of K-L intercept against film thickness 
(1) is shown in figure 4.6. This plot is linear, clearly demonstrating that hydrogen 
peroxide diffuses through the pNMP-GOD films to react at the underlying platinum 
electrode. A value of KD'can be obtained from the slope of this plot since the slope 
is given by (KDnFAa.. )-') and the concentration of hydrogen peroxide is known 
(1.00xle mol cni-3). A value for KD'of 1.56xl0r-8 cm2 s7l was calculated from a 
slope of 8.75x108 Amp7l cm-1. 
It is interesting to note that the plot in figure 4.6 has a small intercept. This 
would suggest that the Levich plot obtained for oxidation of hydrogen peroxide at a 
clean platinum electrode (zero film thickness) would exhibit an intercept. Ibis is 
know not to be the case and may suggest-a systematic underestimation of film 
thickness or a further rate limiting process occurring. 
Analysis of the data for oxidation of hydrogen peroxide at pNMP-GOD films 
clearly demonstrates that the process does not occur at a significant rate on the 
surface of the polymer. The diffusional parameters obtained are collected together 
in table 4.2. 
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Figure 4.6 Plot of the K-L intercept as a ftinction of film thickness for hydrogen 
peroxide oxidation at poly-N-Methylpyrrole coated electrodes. 
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Table 4.2 Diffusional parameters for oxidation of hydrogen peroxide 
Parameter Value (cm 2 g-1) Method of Determination 
9xlg-6 7 
Oxidation at pNMP-GOD electrode 
. (a.. varied) D 
0.6 to I. OxIG-6 Anodic oxidation at platinum (192) 
06 to LIN10-8 1 
Oxidation at pNMP-GOD electrode 
KD' 
. at different values of a. 
56xlor-8 1 Oxidation at pNMP-GOD electrode . I at 
different values of I 
A final investigation of hydrogen peroxide oxidation at pNMP-GOD 
electrodes was designed to test the stability of the polymer on prolonged exposure to 
hydrogen peroxide. A single modified electrode, of thickness Ilxlecm, was used 
throughout these measurements. The electrode was rotated (9 Hz) and the hydrogen 
peroxide concentration was increased stepwise by injecting aliquots of stock 
hydrogen peroxide solution. The limiting current, at 0.90V vs SCE, as a function of 
a.. is shown in figure 4.7. A linear response was seen over the concentration range 
studied. The limiting current at the highest concentration studied (around 
Ix 10-6 mol cnf-3) was found to be stable for a period exceeding 2 hours. No change 
in the response due to polymer degradation, and no change in the visual appearance 
of the polymer was seen. Ilis is in contrast to the polypyrrole/hydrogen peroxide 
system("'). 
It has been shown that the amperometric detection of hydrogen peroxide at the 
platinum surface of the pNMP-GOD is suited to the detection of enzymically 
produced hydrogen peroxide. 7bis mode of detection was used in the work 
described in the Mowing sections of this chapter. 
In the next section a method for optimising the conditions of pNMP-GOD film 
production is described together with an analysis of the mechanism of polymer 
117 
Figure 4.7 Dependence of the limiting current on the bulk hydrogen peroxide 
concentration (I =3.1 XI 0-5 CM,. W 9 HZ). 
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growth in the presence of GOD. 
4.5.2 Enzyme Immobilisation 
Films of glucose oxidase containing, poly-N-methylpyrrole (GOD-pNMP) 
were electro-deposited from buffered aqueous solutions (section 4.2) containing 
GOD (0 to 10 mg CM73) and N-methylpyrrole, (0.05 mol dm-3). The optimum 
conditions for the potentiostatic and galvanostatic growth of such films are detailed 
in table 4.3. No differences were observed between the films grown by these two 
methods. The response of a potcntiostatically grown GOD-pNMP film, of defined 
thickness and enzyme loading, was seen to be identical to that of a comparable 
galvanostatically grown film. Films were normally gown in potentiostatic mode. 
Table 4.3 
(a) 
Optimum conditions for growth of polymer films 6ontaining glucose oxidase 
Method (") Conditions Time/min 
Potentiostatic (P) Step from open circuit to 800 mV 2-8 
Typical current density (4 mA cm72) 
Galvanostatic (G) Step from i=0 to 3 mA cm-3 2-8 
Typical voltage 750 mV 
All solutions 0.05 mol drh-3 N-methylpyrrole in 0.15 mol drIC3 phosphate 
pH7.2.0.1 moldrn73NEt4BF4 containing I mg crn-3 glucose oxidase 
(160 U crri-3) degassed with nitrogen. 
The film thicknesses were determined by controlling the number of coulombs 
passed during film growth. The enzyme - loading in the ý films was controlled by 
altering the concentration of GOD in the growth solutions. Each film produced, and 
which subsequently had its response to glucose measured, was of a defined thickness 
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and enzyme loading. 
Ile potentiostatic current transients for the electrodeposition of poly-N- 
methylpyrrole have the same form in the presence or absence of GOD. It is 
interesting, however, that the currents observed in the presence of GOD (I to -10 
Mg Cm-3) are typically significantly larger (50 to 100% increase). The enzyme GOD 
constitutes a large polyanion (189) at the pH of the growth solutions (pH 7.2). -A study 
of the literature describing the electropolymerisation of pyrroles in the presence of 
other polyanions reveals that there are significant differences between the use of 
simple electrolyte ions and high molecular weight poly-electrolytes. Typical 
polyanions used as electrolytes during the electropolymerisation of pyrrole from 
aqueous solution are poly(vinylsulphate), PVS-, poly(vinyl chloride), PVC-, or 
poly(4-styrenesulphonate), pSS- 
(193-196). 
Shimidzu. et al have studied the electrodeposition of polypyrrole-polyanion 
(PPy/PE) composites from aqueous solutions by potential cycling. They found that 
when using a simple electrolyte anion, such as cr, and a constant deposition regime 
a charge of 5.6 mC cm -2 was passed for p6lymerisation on each potential, cycle. 
This corresponds to a thickness increase of 14 nrn for each cycle. When a high 
molecular weight polyelectrolyte ion, PVS- or PSS-, was substituted for the cr ion 
a two-fold increase in the charge passed, and hence thickness, produced on each 
potential cycle was seen. In the presence of PSS-, at the same concentration as that 
used for the cr experiments, the charge passed per cycle increased to 13.1 
mC cm72, corresponding to a change in thickness of 32.8 nm per cycle. It is pleasing 
that this increase in the charge passed during electropolymerisation when including a 
large polyanion in the aqueous growth solution has been described by other authors. 
Shimidzu et al rationalise this effect in terms of the concentration of the small (Cl-) 
and large (PSS-) electrolyte ions, at the electrode surface during the 
electropolymerisation process. They observed that under constant potentiostatic 
electropolymerisation conditions, the rate of, electropolymerisation of pyrrole 
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increases at higher concentrations of the small electrolyte ion. They suggest that the 
two-fold increase in the current during polymerisation of pyrrole in the presence of a 
polyelectrolyte is due to an increase in the concentration of this electrolyte at the 
electrode surface, when compared to a simple electrolyte, due to the entropic 
advantage of polyelectrolytes. 
There are both similarities and differences between the polyelectrolyes 
described and GOD. Both carry a polyanionic charge, at neutral pH, and have a 
comparable molecular weight, PVS- = 2.5x105 and GOD = 1.6x 105 . There are large 
structural differences, however, between these two species. PVS- is essentially a 
linear chain molecule whereas GOD is a compact globular molecule, with exposed 
anionic groups on its outer surface. The PVS- molecule obviously assumes a far 
higher number of negative charges than the enzyme and is thought to become 
entangled with the polymer chains during growth of polypyrrole. 77his is not the case 
with GOD however, which retains its globular structure in the polymer. In spite of 
these differences it would appear that the polyelectrolytes, PVS- and PSS-, act in 
much the same way as GOD during electrodeposition of polypyrroles. They have 
the effect of increasing the effective electrolyte concentration at the 
electrolyte/electrode interface during polymerisation. The resulting increased rate of 
polymerisation accounts for the increased current seen. Now that some insight into 
the effect of GOD on the magnitude of the current observed during polymerisation 
has been gained, it is interesting to determine whether or not the presence of GOD 
alters the mechanism of the electrodeposition process. 
An investigation into the relationship between current and deposition time on 
the rising portion of the growth transient was undertaken. Short time growth 
transients were recorded for the first second of growth at a range of potentials (figure 
4.8) in the presence and absence of GOD. Plots of i against t' where x=1,2 or 3, 
were constructed for the initial phase of growth. The best fits to a linear current-time 
relationship were found for plots of i vs t2 over the wide potential range studied. 
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Figure 4.8 Short-time current transients for the initial phase of polymer growth 
from a soludon containing N-methylpyrrole (50 mmol dM-3) and, 
glucose oxidase (5 Mg CM-3) at a variety of applied potentials. ,ý 
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This is in good agreement with the results of Pletcher et al for the growth of poly-N- 
methylpyrrole from neutral aqueous solutions (182). Plots of the logarithm of the 
slopes of the i vs t2 plots against the polymerisation potential (eV) were linear for 
the polymerisation of N-methylpyrrole in the presence and absence of enzyme 
(figure 4.9). The slope of the plots is (38 mV)-l. Two factors are apparent here. 
Firstly the data, either with or without the enzyme, are in good agreement with that 
of Pletcher et al and are consistent with. a growth mechanism involving 
instantaneous, rather than progressive, nucleation and three dimensional groWth(182). 
Secondly, although the presence of the enzyme has- been shown to affect the 
magnitude of the current during the electrodepositioh process, it does not affect the 
mechanism of electrodeposition. In the context of successful enzyme immobilisation 
it is satisfactory that the mechanism of polymerisation is not altered by the presence 
of GOD. No attempt was made to prove, beyond any doubt that the growth does 
proceed via the mechanism predicted. Indeed, other growth mechanisms would 
account for the t2 dependence of the transient current(197,198). 
Once the GOD containing films of poly-N-methylpyrrole were produced they 
were washed extensively by rotation in buffer solution for at least 5 minutes to 
remove any weakly incorporated or adsorbed enzyme. Failure to adopt this 
procedure resulted in release of a small amouht of GOD into the bulk solution. Ilis 
situation is not desirable and results in a sloping baseline on the addition of glucose 
when the electrode is potentiostated at at a potential suitable for hydrogen peroxide 
detection. The sloping baseline is due to generation of hydrogen peroxide by the 
homogeneous GOD reaction in the bulk solution and its subsequent detection at the 
underlying platinum electrode. After this washing procedure the electrodes were 
placed in fresh buffer (pH 7.2) solution and potentiostated ready for glucose 
responses to be measured. 
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Figure 4.9 Plot of the logarithm of the slopes of the i vS 12 plots as a ftinction of 
potential applied for polymensation. 
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The next section describes the way in which the response of the immobilised 
GOD to glucose was measured. 
4.5.3 Response to Glucose 
Glucose responses were measured at a rotating glucose oxidase - poly-N- 
methylpyrrole (GOD-pNMP) electrode (typically 9 Hz). The electrode was 
potentiostated at 0.90 or 0.95 volts (vs SCE) in order to detect hydrogen peroxide 
(H202) produced by reaction with glucose (section 4.5.1). Time was allowed for the 
polymer charging current to decay and a stable baseline current to be reached. 
Electrodes typically took 40 minutes for a stable current to be reached (< 200 
nAmps) the first time they were used, and then around 5 minutes thereafter. The 
exact time taken was dependent on the thickness of the GOD-pNMP film, being 
significantly longer for very thick films, but never taking more than 40 minutes. 
The glucose concentration of the buffer solution was increased step-wise by 
adding aliquots. of a stock glucose solution (1.00 mol dm73) from a microsyringe. 
The solution was allowed to mix and once the resulting current increase had 
stabilised, taking <20 seconds, a further injection of glucose was made. Figure 4.10 
shows a typical set of current responses on consecutive additions of glucose. The 
inset shows the calibration curve obtained from these responses as a plot of current 
against bulk glucose concentration. Ile electrode continues to respond to glucose 
concentrations in excess of the Michaelis constant for the homogeneous enzyme 
reaction, which has a value of around 0.033 mol dm73 glucose, under similar 
conditions of pH and temperature. This effect is due to the inefficient partitioning of 
glucose from the bulk solution into the GOD-pNMP film resulting in a much lower 
glucose concentration in the film than in the surrounding solution. 
The responses of GOD-pNMP films to glucose were measured in this way for 
a range of film thicknesses and enzyme loadings. In the next section the data are 
compared to the theoretical model for the electrode response (chapter 3). 
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Figure 4.10 The response of the glucose oxidase electrode to additions of glucose. 
Each arrow represents an increase in glucose concentration of 6.6 
mmol drIj-3. The electrode was rotated at 9 11z (E I 0.95V - vs I SCE). 
The inset shows a typical plot of current as a function of bulk glucose 
solution. 
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4.6 COMPARISON OF THE RESULTS TO THEORY 
In the immobilisation system developed it is possible to vary the enzyme 
loading and thickness of the glucose oxidase - poly-N-methylpyrrole (GOD-pNMP) 
films with some accuracy. Glucose response- data obtained from a systematic study 
of enzyme loading and film thickness are compared to the theoretically predicted 
characteristics of the electrode response in this section. Firstly the effect of varying 
the GOD-pNMP film thickness will be described. This will be followed by results 
for the variation in enzyme loading. 
4.6.1 The Effect of Film Thickness 
Film thickness was altered by changing the amount of charge (Q MC CM-2) 
passed during film growth. The exact correlation between Q and the film thickness, 
1, has been discussed previously. The charge passed was in the region 10 to 300 mC 
(electrode area of 0.385 cm2). A constant enzyme concentration (1.0 mgCm-3) was 
included in the growth solutions. Glucose responses were measured at a series of 
film thickness and a calibration plot constructed for each set of glucose data. The 
response curves were linear in all cases. A plot of the slope of the glucose 
calibration lines as a function of film thickness was constructed (figure 4.11). This 
shows a pronounced maximum, clearly indicating that there is an optimum film 
thickness (5.15xlO75 cm) which maxintises the sensitivity of the electrode to 
glucose, at this enzyme loading. 
This type of behaviour was predicted by the theoretical analysis presented in 
chapter 3 of this thesis. This corresponds to case B of this section in which the rate 
limiting step is the reaction of the substrate with the enzyme. The dependence of the 
response on the substrate concentration and the film thickness is described by 
equation 3.29 of section 3.3.1. 
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Figure 4.11 Plot of the gradient of the g1ticose calibration plot as a function of 
charge passed to grow the glucose oxidase / poly-N-methylpyrrole 
films (A = 0.385 cm 2, W=9 Hz). 
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0 
nFAD O, K I-sech(IIXK /1 (4.6) 
All the terms in this equation have been defined previously. The term XK is an 
expression for the Idnetic length of glucose in the film, where 
XK = (Ds'Km Ik,,,, e : )A (4.7) 
A direct comparison of the experimental data, figure 4.10, to the theoretical response 
as a function of film thickness was made by constructing log-log plots. A log-log 
plot of the experimental data was superimposed onto a log-log plot of equation (4.6). 
This comparison is shown in figuri 4.12. The. agreement between experiment and 
theory is excellent for films grown by passing a charge of greater than 100 mC (260 
mC cm72). The current response for the thinner films is, however, significantly lower 
than that predicted. These deviations arise because the charge passed during 
polymerisation was used as a direct measure of polymer thickness. This is not a 
good assumption for very thin films since a large proportion of the charge passed 
may be non-Faradic charging current and as such is not involved in film growth. 
This effect will become less significant as the film thickness increases as the non- 
Faradic current represents a constant contribution to the total. To illustrate this 
effect an attempt was made to subtract off the charging current for the very thin film 
data. The constant non-Faradic component was estimated by measuring the charging 
current when the'clean platinum electrode was stepped from 0 to 0-. 85 volts (vs-SCE) 
in the buffer solution in the absence of poly-N-methylpyrrole. It was found that the 
largest charging currents seen resulted in the passing of 5 mC. It is apparent 
therefore that this non-Faradic component is not large enough to explain the 
deviation from theory seen in the thinnest films. An alternative explanation may lie 
with the washing procedure used to remove loosely bound or immobilised enzyme. 
It is likely that such a procedure will remove enzyme to a certain depth from each 
film irrespective of its thickness, assuming that the enzyme near to the film surface is 
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Figure 4.12 Comparison of the experimental variation of the electrode response to 
glucose as a function of I with the theoretical expression. The points 
represent the experimental data and the solid line is drawn according 
to equation 4.6. 
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less strongly immobilised than that lying deep within the film. For the thinnest films 
in which the response is strongly dependent on the enzyme loading, removal of this 
constant amount of enzyme during the washing procedure will significantly reduce 
the electrode response. In the thicker films, where the response becomes 
independent of enzyme loading, this will have little effect. There is no real evidence 
to support this hypothesis and it is offered only as a possible explanation of the 
deviation from theory seen in the thinnest films. Further work would be required to 
demonstrate this occurrence. Overall there is, however, good agreement between, the 
experimental data and -the 
theory described. The main characteristic seen,, the 
maximum in response as a function of film thickness is fully predicted by the theory. 
It has been mentioned above that the response of, thin films is strongly 
dependent on enzyme loading whereas that in the thicker films is independent of 
enzyme loading. This effect will be described in the next section and the way, in 
which this type of behaviour is predicted by the model will be presented. 
4.6.2 Variation of the Enzyme Loading 
Returning to equation 4.6 it can be seen that this also predicts that the response 
of the electrode will depend on enzyme loading in certain cases., For thick films, 
when IlXk>l, no dependence on enzyme loading was seen experimentally. This 
independence of the response is predicted by the theory. When IIXK>l 
I1(DSK, ý1kcatez)IA'> 1- (4.8) 
In this case, corresponding to thicker films, equation 4.6 becomes 
i= 
nFAD'sKII 
The theory predicts, therefore, that there will be no dependence of the electrode 
response on enzyme loading for thick films. 
In thin films (IIXK<<I) a strong dependence of the response on enzyme 
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loading is seen. This is again predicted by the theory, when IIXK<<l equation 4.6 
becomes 
i= 
nFAD'sKS-e I: kcat 112KAf (4.10) 
It is apparent that in this situation the theory predicts that increasing the enzyme 
loading or film thickness should increase the electrode response. Ile experimental 
data show that the response becomes dependent on enzyme loading for film of less 
than about 5xlecm in thickness. Furthermore the responses for such films are seen 
to be rotation speed dependent. Figure 4.13 shows typical results for this rotation 
speed dependence in a thin film of relatively high enzyme loading. As the rotation 
speed increases the response decreases and approaches a plateau current. This is 
consistent with the concentration polarisation of hydrogen peroxide in the film. At 
low rotation speeds hydrogen peroxide builds up in the diffusion layer increasing the 
response of the electrode. At higher rotation speeds, however, the rate of loss of 
hydrogen peroxide to the bulk solution is increased, leading to a decrease in the 
response. 
In order to model this situation we must change the boundary conditions for 
hydrogen peroxide at the outside of the film. Equation 3.12b was replaced by 
Db 
= -k' b, 1KB DB Tx D 
where k'D is the mass transfer rate constant('99) for removal of hydrogen peroxide, 
KB is the partition coefficient for H202 into the film, and b, is the concentration of 
H202 in the film near the surface. This new boundary condition says that at the film 
surface the concentration gradient of hydrogen peroxide is given by the rate of 
removal of H202 from the film surface divided by a term describing partition and 
diffusion of H202 out of the film. 
The mass transfer rate constant, VD, is given by 
(199) 
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Figure 4.13 The variation of the electrode response with the rotation speed for 
thin films (1'*ýýXK) with high enzyme loadings (ey = 2.08 Mg CM-3 
Q= 25 mC, A ---0.385cm 2 ). The glucose concentration was 6.3 
mmol dM-3 (pH 7.0,25"C). 
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113V 116 IV 1/2 k'D = 1.554DB (4.12) 
At higher rotation speeds VD becomes greater, resulting in a decrease in the 
electrode response since KB and DB are constants. 
Solution of equation 4.6 with this boundary condition gives an expression for 
the flux of hydrogen peroxide to the underlying platinum electrode 
jobs 
- 
js+jB Ik'D IDB 
1 +lk'D IDB 
where j,, b, is the observed current. 
This expression reduces to the previous result for jB when VD is large and 
gives a corresponding result for j, when VD is very small. A plot of j,, b, against 
I W-ý' is shown in figure 4.14. The intercept on this plot corresponds to WD IDB >> 1 
and gives a good estimate of jB. 
Taking the experimental values of jB a comparison was made with the theory 
by constructing log-log plots of the responses as a function of enzyme concentration 
in the growth solutions and the equivalent dimensionless form of equation 4.6. 
Excellent agreement between the experimental data and theory was found for all but 
the very lowest enzyme loadings, corresponding to less than 0.2 Mg Crn-3 GOD in 
the growth solutions. These plots are shown in figure 4.15, the inset shows the 
experimental response as a function of enzyme concentration with the solid line 
drawn according to equation 4.6. 
The increased response observed for very low enzyme loadings arises from the 
adsorption of the enzyme at the platinum electrode surface prior to the 
electrodeposition, process. This effect is clearly demonstrated in figure 4.16. This 
shows that as the electrode is held in the growth solution prior to electrodeposition 
for periods of up to 5 minutes the electrode response increases. The enzyme adsorbs 
onto the metal electrode surface reaching a saturating coverage at a time exceeding 5 
minutes. This process can be followed using ellipsometry. This technique clearly 
134 
Figure 4.14 Plot Of j. b, as a function of IV-4. The intercept of this plot gives an 
estimate of jy (data from figure 4.13). 
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Figure 4.15 Comparison of the experimental variation of the electrode response to 
added glucose as a function of e with the theoretical expression. 
The points represent the experimental data and the solid line is 
calculated from equation 4.6. The inset shows the fit of experiment to 
theory (I = 40 mC, A=0.385 cm2, W= 9Hz, pH 7.0,25*C). 
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Figure 4.16 Effect of glucose oxidase concentration on the response of the 
resuldng electrode. A plot of response as a function of the time spent 
in the polymerisation solution at 0 volts is shown. 
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demonstrates that the enzyme protein adsorbs onto a clean platinum surface over a 
period of minutes. Further, this technique shows that saturating, coverage is not 
reached over the ten minute experimental period. 
This pre-adsorption of glucose oxidase leads to an artificially high enzyme 
concentration at the electrode surface. The adsorbed enzyme is- still in an active 
form and in thin films (I <<XK) glucose penetrates throughout the film and gives rise 
(200) 
to an anomalously high response. 'T'his type of protein adsorption is well known 
This unwanted effect can be removed by connecting the electrode to- the 
potentiostat, or galvanostat, before its immersion in the growth solution. This 
procedure causes the electrodeposition process to begin as soon as the electrode is 
contacted with the growth solution. In this way unwanted ý enzyme preadsorption 
effects can be removed. 
Adoption of this procedure resulted in the electrode response for the modified 
electrode with the lowest enzyme loading (0.18 mg cm-3 growth solution) being 
reduced by almost 60% to give a value very close to that predicted by the theory. It 
would appear, therefore, that this is the correct explanation for the deviation of the 
experimental electrode responses from the predicted responses in thin films of low 
enzyme loading. 
Good correlation between experimental data and the theoretically predicted 
response has been seen for films of a wide range of thicknesses and enzyme loadings. 
This is satisfactory since it shows that the assumptions made in the development of 
the model are correct. In the following section a discussion of the results is 
presented, along with kinetic and transport parameters derived from the fit of 
experimental data to theory. 
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4.6.3 Discussion 
There are a number of characteristics which are fundamental to the operation 
of the glucose oxidase / poly-N-methylpyrrole (GOD-pNMP) system. The results 
presented in section 4.5.1 clearly show that hydrogen peroxide cannot react on the 
conducting pNMP matrix and that it must diffuse to the underlying platinum 
electrode surface to be oxidised. Using this theoretical analysis the kinetic 
characteristics of the immobilised enzyme and the transport of the substrate, glucose, 
and product, hydrogen peroxide, through the polymer film were investigated. The 
kinetic and diffusional parameters were obtained by measuring the displacement of 
the experimental data from the theoretical curves using dimensionless log vs log 
plots (section 4.6.1 and 4.6.2). The parameters obtained in this way are presented in 
table 4.4. 
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Table 4.4 
Kinetics and mass transport parameters obtained for the detection of 
hydrogen peroxide produced by GOD immobilised in films of poly-N-, 
methylpyrrole 
ý XK ID., K = 6.2x105 cm-' S a) ý xK 2.2x 10-5 Crn b) 
IID., K 2.5x 1011 Cffi-2 S, c) 
k, 
at alD., 
KM 5.6x109 cm mg-' 
, 
d) 
a) 
b) 
C) 
f, 
Calculated from the shift between experiment and theory in the y -axis in 
figure 4.12. 
Calculated from the shift between experiment and theory in the x-axis in 
figure 4.12. 
Calculated from the shift between experiment and theory in the axis in figure 
4.15. 
d) Calculated frorn'the shift betweezi experiment and theory - in , the x -axis in 
figure 4.15. The parameter (x'describes the relatiOnship between the 
concentration of enzyme, in'the polymerisation - solution, [enz], in mg cm-3, 
and the final concentration of enzyme in the film, e I:, where e I: '= (x [enz]. 
Values of DýK" of 3.4xlO-II 'and 0.4xlG-IIcm2s7I, werýe'obtam*'ed fr6M 
independent thickness and enzyme loading experiments respectively. 'Mese are in 
reasonably close agreement. There do not appear to'be comparable parameters in the 
literature for partition and diffusion of glucose into polypyrrole or similar polymeric 
matrices. Kamin and Wilson(201) obtained a diffusion coefficient for glucose of 
6.7x 10-6 cm2 s-1. They suggest that this may be reduced by diffusional limitations 
resulting from cross linking. in the enzyme layer but do not quantify this effect. It 
would seem likely that D. in the GOD-pNMP matrix will be smaller than this value 
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due to the imposition of diffusional limitations on the incoming, glpcose. 
It is apparent that K is much less than I forthis system aseven when the bulk 
glucose concentration exceeds 0.25 mol drn-3 the electrode response remains linear. 
This is because the concentration of substrate in the GOD-pNMP layer is still below 
the KM value for the immobilised enzyme. 
These observations are consistent with the low value of DK determined. 
The value of XK determined is of the order expected for this system. It is 
pleasing that for "thin" films (I to 1.7xlO7'5 cm) I is indeed less than XK, 2.2xlO-5 
cm, and furthermore for "thick" films that I is greater than Xx (4 to 8xlO-5 cm). 
Using this value of XK a value of kcat cL/DKu of 2.1 x 109 cm mg7l is obtained. 71is 
compares favourably with a value of 5.6xlO9 obtained from figure 4.15. 
It can be concluded that the experimental data fits well to the theoretically 
predicted characteristics in the system. A proceduie has been described in which the 
electrode response can be* optimised in a systematic way. The electrode 'response 
can be optimised in two ways. Firstly the sensitivity of the electrode to glucose can 
be maximised by careful choice of the film thickness. Secondly for a glucose 
sensing device the stability of the electrode can be maximised by chosing a film 
thickness at which the response becomes independent of enzyme loading. In this 
situation loss of some enzyme activity on storage or operation should not 
significantly decrease the electrode response to glucose. Without a systematic study 
of this type it is impossible, or at best very difficult, to understand how an 
immobilised enzyme system is operating and therefore difficult to produce a device 
with the desired characteristics. 
In the next section the stability of this type of device to storage and repeated 
operation will be described. An understanding of the mode of operation of this 
device allows the sensitivity of the response to loss of GOD activity to be reduced. 
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4.7 THE STABILITY OF THE GLUCOSE ELECTRODE 
A stability study was undertaken in which the electrode was stored in buffer 
(pH 7.2) at room temperature between glucose assays. A film thickness was chosen 
which is slightly thicker than the XK distance. In this way the "thick" film 
produced retained most of its sensitivity to glucose whilst having a response which 
was independent of the enzyme activity in the film. The film used was grown 
galvanostatically to a thickness of 3xl U-5 cm from a solution containing 5 mg CM-3 
glucose oxidase (GOD). 
Responses to glucose (0.05 mol dM-3 ) were measured by potentiostating the 
electrode at 0.95 volts (vs SCE) at set time intervals over a5 day period. The 
electrode was rotated at 9 Hz to produce rapid mixing of the glucose with the bulk. 
The response was not rotation speed dependent in this "thick" film, high enzyme 
loading situation. Figure 4.17 shows the response of the electrode as a function of 
storage time. The electrode failed after 5 days when the polymer became detached 
from the platinum electrode surface. 
Over the five day period in which the electrode response was measured around 
25% of the initial glucose response was lost. The largest change in the response was 
seen between the first response measurements made immediately after production 
and then after 1 hour. This initial loss of response has been reported for glucose 
(74,115) oxidase - polypyrrole system 
The glucose oxidase - poly-N-methylpyrrole (GOD-pNMP) stability data can 
be directly compared to the literature data for the GOD-pyrrole (GOD-Py) system. 
In all cases the loss of response over the first day is the largest. Indeed, Umana and 
Waller describe a system in which around 65% of the initial response is lost over this 
24 hour period. After this time the decrease in response is only small over a further 
6 day period. 
In a similar study Foulds and Lowe describe a loss of around 35% of the initial 
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Figure 4.17 The response of the glucose electrodes as a function of time stored at 
25'C (pH 7.0 phosphate) after preparation. (I = 3x 10-5 CMP 
e 1: =5 Mg CM-3). 
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response within one day and again little change over a further 20 day period. 
These results have close parallels with the GOD-pNMP system, after an initial 
loss of response within a 24 hour period the response becomes fairly stable. 
The reason for this initial loss of response appears unclear. Foulds and Lowe 
do not attempt to explain this effect. Umana and Waller propose that the cause is 
loss of enzyme which is expelled from the polymer film by electrostatic repulsion 
between the polycationic polymer and the enzyme. Although the loss of activity 
may be due to a gradual leaching out of the enzyme in this system, their explanation 
as to the cause of this seems unlikely since the polymer and enzyme are known to 
carry opposite charges. 
In the GOD-pNMP system the response of the device should be independent 
of enzyme activity in the film. It is difficult to explain the decrease in response in 
terms of loss of enzyme activity either by loss of enzyme molecules to the solution 
or the denaturation of the immobilised GOD. A more likely explanation is that the 
polymer film properties change after repeated cycles of storage and potentiostating at 
0.95 volts. Any decrease in the films porosity will alter the partition and diffusion of 
glucose into and through the film. This would appear to be the most likely cause of 
the initial loss of response. After the first few response determinations the film 
becomes conditioned and the response remains fairly stable. 
The film became detached from the electrode after 5 days. This is a simple 
mechanical problem and it is likely that this can be overcome by using either a 
rougher electrode, as used by Foulds and Lowe, or by including a polymeric 
95,196) plasticiser in the GOD-pNMP film during growth(' 
The stability of the GOD-pNMP electrodes is relatively good and compares 
favourably with that of the GOD -pPy electro, des described in the literature. It is 
likely that the small loss of response seen before a stable region is reached is due to a 
polymer conditioning process and not due to loss of enzyme content or activity of 
the thick film investigated. 
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In an attempt to further characterise this enzyme electrode system a p1I study 
was undertaken. The relationship of the bulk pH to the sensor response is described 
in the next section. The pH profile of the GOD-pNMP system is then compared to 
the homogeneous pH profile and also to similar immobilised GOD systems. 
4.8 DETERMINATION OF THE plI OPTIMUM OF THE IMMOBILISED 
ENZYME 
The enzyme glucose oxidase (GOD) is typical in that it shows a pH optimum. 
Since all enzymes are proteins and as such composed of amino acid residues, pH 
changes in the bulk solution surrounding the enzyme will have marked effects on the 
ionic character the charged amino acid residues. A -change 
in pH will alter the 
(202) 
charges on amino and carboxylic acid groups at the active centres of the enzyme 
The enzyme will only exert its maximum catalytic effect when all the amino acid 
residues essential for catalysis at the active centre are in the correct ionic state. For 
this reason enzymes usually exert maximum catalytic activity over a narrow pH 
range only. Outside this range the essential residues at the active centre do not retain 
the required ionic character and the rate of catalysis decreases. Also in extremes of 
acid or base the enzyme molecule may become denatured and lose activity 
completely. This generally results in a bell shaped pH profile (203). The enzyme 
GOD has such a pH profile for the homogenebus solution reaction. This is shown in 
figure 4.18. The effect of immobilising GOD in films of poly-N-methylpyrrole 
(pNMP) on the enzyme's pH optimum was investigated. Films studied were of 
defined enzyme loading (I mg: cm-3 in growth solutions) and film thickness 
(1.3xl 0-5 cm). These "thin" films (1 <XK) were studied because the response of the 
electrodes is known to be dependent on enzyme activity in this region. Therefore as 
the enzyme activity changes with the pH used for determination of the glucose 
response so the response itself will change. This would not be the case in the thick 
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Figure 4.18 pl-I profiles for free (0) and electrochemically inimobilised (0) 
glucose oxidase. Reaction rates (0.1mol dM-3 glucose) determined at 
0.95 V vs SCE, 9 Hz for the immobilised enzyme. 
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film region (I >XK) where the electrode response becomes independent of enzyme 
loading. 
All films produced were identical and were grown potentiostatically at pH 7.2. 
Films were assayed for activity to glucose at a range of pH values. ne pH profile of 
the immobilised GOD is shown in figure 4.18. There are large differences between 
the pH optimum for the solution and immobilised enzyme. For the homogeneous 
reaction the pH'optiMUm is at pH 5.6 
'(70.121,204) 
, whereas' for theheterogeneous case 
the pH optimum has shifted to pH 4. This constitutes a large change. Also the 
immobilised enzyme shows a much sharper pH profile than the solution enzyme, 
indicating a higher sensitivity to changes in pH close to the pH optimum for the 
immobilised case. 
It is informative to compare this data to literature reports of the pH optima of 
GOD immobilised in -a variety of matrices. It is apparent that when GOD 
is 
immobilised in a number of ways, for example on cellophane membranes, nickel 
oxide, or non-porous glass beads, that the sensitivity of the enzyme to changes in pH 
is increased resulting in a sharper pH profile than that seen for the solution 
(205-207) enzyme 
The cause of this -sharpening. of the pH profile of the immobilised enzyme has 
not been adequately explained in the literature and it would appear that ihis effect is 
not understood. The immobilised GOD becomes much more sensitive to small 
changes in the pH. Ilie. -reason for, this may be that immobilisation imposes more 
constraints on the structure of this already structurally rigid protein. This effect must 
in some way alter the environment at the active site of the enzyme. As the pH 
optimum for the homogeneous enzyme is 5.6, this would indicate that a carboxylate 
group is present at the active site and that this group is essential for the catalytic 
action of the enzyme. It would therefore seem likely that the immobilisation of the 
enzyme in some way makes this catalytic group more susceptible to 
protonation/deprotonation. Ilie catalytic action of this enzyme is, however, likely 
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to be caused by more than one amino acid 'side chain at the active site. 'A full 
explanation of the way in which immobilisation alters the microenvironment at the 
active site, and produces a sharpening of the pH profile of this enzyme, cannot be 
offered until the full three-dimensional structure of the enzyme is known. 
Apart from this sharpening effect the pH optimum for the GOD-pNMP is 
shifted by around 1.6 pH units to a pH of 4. There are two possible explanations for 
this effect. Firstly immobilisation may alter the pK,, 's of the residues at the active 
site which are essential for maximum enzyme activity. A second and more feasible 
suggestion is that the pH within the polymer is different from that in solution. 
Therefore, the pH optimum of 4 seen for the immobilised enzyme may simply 
be due to the fact that there is a barrier to entry of protons into the cationic polymer 
from the solution. Therefore a pH of 4 may be required in solution to maintain a pH 
of 5.6, the optimum value for the homogeneous reaction, in the polymer. This would 
seem to be the most likely explanation since the majority of literature reports for 
(205-207) GOD immobilised at surfaces do not show a shift in the pH optimum 
The pH profile of the immobilised GOD shows marked changes to that of the 
solution enzyme. The sharpening and shift of the pH optimum may reflect the 
intimate contact made between the irnmobil4ed GOD and the surrounding polymer 
matrix. 
The GOD-pNMP system has been described in terms of film thickness, 
enzyme loading, pH and stability. Responses have been successfully characterised 
in terms of our theoretical model and the system is well understood. 
As a continuation of this work, GOD was immobilised in other 
electrodeposited organic polymers. This work is described in the next section, and 
serves to demonstrate the applicability of this immobilisation method to systems 
other than GOD-pNMP. 
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4.9 THE ELECTROCHEMICAL IMMOBILISATION OF GOD IN OTHER 
ORGANIC POLYMERS 
In this section the immobilisation of glucose oxidase (GOD) in other 
electrodeposited organic polymers is described. Immobilisation of GOD using 
polyaniline and polyphenol were successful, whereas attempts to Use polyindoles as 
the immobilisation matrix were not. The growth of polyindole and poly(5-carboxy 
indole) from buffered aqueous solutions containing GOD resulted in a film which 
gave no response to glucose. This indicates that either GOD does not enter these 
types of polymer film during growth, that it is. denatured or that glucose is not able to 
diffuse into such polymers. A very recent report indicates that GOD can be included 
in polyindole coats in an active state. However, in this case acetonitrile was used as 
the electrodeposition resulting in a different form of polyindole from that produced 
from aqueous solutions (116) 
Attention was focused on a study of the successful immobilisation systems in 
which GOD was included in films of polyaniline and polyphenol electrodeposited 
from buffered aqueous solutions by a potentiostatic technique. The glucose oxidase 
- polyaniline (GOD-pAn) system will be discussed first. The responses of the 
electrode will be compared to the theory describing the operation of this type of 
system (section 3.14). 
4.9.1 Polyaniline 
During the course of this work a report was made of the immobilisation of 
GOD in electrochemically synthethised polyaniline films. Shinohara et al describe 
the electrodeposition of GOD containing polyaniline film (GOD-pAn) from buffered 
aqueous solutions (pH 7.0) containing aniline (0.10 mol dm-3) and GOD (2 mg 
cm-3,220 U cm73) onto platinum electrodes(' 17.118). A potential of 1.2 volts (vs 
Ag/AgCl) was applied to the platinum electrodes for periods of up to 30 seconds 
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resulting in thin (2xl 0-5 CM) pAn films. These films appeared to be electro-inactive 
to simple redox couples and did not allow permeation of species such as ferricyanide 
ion to the underlying platinum electrode. This is in contrast to polypyrroles which 
(87) 
are conducting, when oxidised, and are permeable to small molecules 
The findings of Shinohara and coworkers imply that permeation of glucose 
into the pAn films by diffusion is not possible, or at least is very slow, so that only 
enzyme exposed at the outer edge of the film can react with glucose. This idea is 
supported by these authors. Responses of this GOD-pAn system to glucose were 
determined by measuring the decrease in oxygen reduction current, at -0.5 or -0.6 
volts, on the addition of glucose. This indicaies that the films are at least permeable 
to oxygen. The response was rapid and measurable over the range 1 074 to 
5xlO73 mol dm-3 glucose. 
It should be noted that at the ýpH and potential used by Shinohara and 
coworkers for oxygen detection the pAn will be in a deprotonated and therefore 
insulating form(107). 
As an extension to the work in which poly-N-methylpyrrole was used to 
immobilise GOD a system was developed in which polyaniline was used as an 
immobilisation matrix. Films were grown potentiostaltically from aqueous solutions 
containing buffer and electrolyte (sodium phosphate 0.15 moldm-3, TEATFB 
(0.05 M `dIjr3 (0.1 mol dm73), aniline ol and glucose oxidase (GOD I to 10 
mg cm-3). A platinum working electrode (area 0.39 cm2) at a-'potential of 1.5 volts 
(vs SCE) was used for elect: rodeposition in all cases. The form of the potentiostatic 
transients observed at a'series of potentials is shown in figure 4.19. These transients 
are directly comparable to those observed by Genies and Tsintavis for the 
(147) potentiostatic electrodeposition of pAn from a eutectic mixture of NH4F/HF 
After an initial peak in the current, at times of less than 10 seconds, a common 
falling transient is observed at all potentials. 
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Figure 4.19 Potentiostatic current time transients for the polymerisation of aniline 
at a platinum electrode surface (A = 0.385 cm2) at a number of 
applied potentials. 
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The growth of pAn films at 1.5 volts was invariably accompanied by some 
solvent oxidation. However, even, adherent brown films were produced using this 
method. 
The enzyme containing GOD-pAn films were then washed and immersed in 
buffered electrolyte solution. The electrodes were rotated at 9 Hz and their response 
to glucose measured at 0.9 volts (vs SCE). This procedure has been described 
previously (section 4.5.3). 
There are both similarities and differences between the pAn-GOD electrode 
behaviour and that of the previously described pNMP-GOD electrodes. These will 
be discussed below along with attempts to model the operation of this system by use 
of an appropriate mathematical treatment (section 3.1.4). 
4.9.2 Analysis of pAn-GOD Electrode Responses 
Data obtained from experiments to determine the effect of film thickness and 
glucose concentration on the pAn-GOD modified electrode response are presented 
and, whenever possible, analysed in this section. 
Ile responses of all electrodes made were seen to saturate at glucose 
concentrations of 5XIG-2 mol drn-3 or less. T'his is in contrast to the linear responses 
seen in the pNMP-GOD system described previously. 
An investigation into the effect of film thickness on the electrode responses at 
low (< IxIO-'2 mol dm-3) and high (> 5x 10-2 mol drn73) glucose concentrations 
revealed definite similarities to the pNMP-GOD system. 
A plot of electrode responses as a function of glucose concentration at three 
different film thicknesses is shown in figure 4.20. The inset shows the form of the 
current increases on additions of glucose. 
The saturation responses could be due to one of two Idnetic processes 
becoming rate limiting at high glucose concentrations. Either the reaction of enzyme 
with substrate, described by k,,, or the reaction of enzyme with the mediator 
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Figure 4.20 Response curves for the glucose oxidase - polýiniline electrodes at 
three different thicknesses (circles Q=8 mC, squares Q= 24 mC, 
diamonds Q= 18 mQ. The inset shows a typical experimental i-t 
trace with each arrow representing a6 mmol dM-3 increase in the 
bulk glucose concentration. 
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oxygen, described by ka, could be rate limiting at high substrate concentrations. 
Attempts to fit the data to expressions describing a crossing of the appropriate 
boundary (either IV/I or V/H) with increasing substrate concentrations -resulted in ill 
defined fits. This is largely due to the quality of the data obtained. 
In the case of pNMP-GOD films data for a wide range of film thicknesses (1) 
and enzyme loadings (ey) was acquired. However, due to the insulating nature of 
the polyaniline films produced only a very limited range of film thicknesses could be 
investigated. Furthermore, the effect of enzyme loading on the response of films of 
constant thickness was undefined. Changes in the enzyme loading in thin or thick 
films of pAn-GOD had no significant effect upon the magnitude of the response to 
glucose. 
Ile effect of mediator (dioxygen) concentration on the electrode response was 
not determined. Ibis information would be important when attempting to assign the 
turnover in the glucose response to either k,,, or k,, becoming rate lin-fiting. 
If k,, was rate limiting at high substrate concentrations an increase in the 
oxygen concentration of the bulk solution (a. ) would lead to an increase in the 
current response. However if the enzyme/substrate reaction was slow then all of the 
enzyme would be in its oxidised (E 1) form so that increasing a.. would not increase 
the current response at saturating glucose concentrations. 
Without information regarding the effect of a. on the pAn-GOD electrode 
responses it is not possible to distinguish between these types of kinetic turnover. 
The effect of film thickness (or charge passed in film growth) to current 
response at low and high glucose is described by figures 4.21a and 4.21b. It is 
apparent that there is a maximum, in both low and high substrate plots, 
corresponding to an optimal film thickness. Above this thickness the current 
response is seen to fall sharply with increasing film thickness. 
71is situation is analogous to that described for the pNMP-GOD system and is 
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Figure 4.21 a) Electrode response, at low glucose concentration (6.6 mmol dM-3) 
as a function of charge density for film growth. 
Figure 4.21 b) Electrode response, at saturating glucose concentration (65 
mmol dM-3 ) as a function of charge density for film growth. 
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of the form predicted when the enzymic product, hydrogen peroxide, - cannot be 
oxidised directly on the polymer matrix adjacent to the immobilised GOD molecules 
but must diffuse to the underlying platinum electrode surface for detection. 
The maximum apparent in the response vs thickness plot enables an estimate 
of XK, the kinetic length of glucose in the pAn-GOD film, to be made. Ile distance 
XK corresponds to the position of the maximum for a situation of this type where the 
insulating pAn-GOD matrix is not able to act as a surface for rapid hydrogen 
peroxide oxidation. 
The position of this maximum corresponds to a film thickness produced by 
passing around 5x107`2 C cm-2 of charge. It is difficult to convert this parameter into 
a distance (XK) with any accuracy. Whereas in the case of pNMP-GOD films an 
accurate charge vs thickness (Q-1) relationship was established by ellipsometric 
studies, no such data exists for the pAn-GOD system. The literature does not 
provide any reasonable estimates for charge vs thickness relationships for this 
system. 
In summary it can be seen that there are a number of practical problems 
associated with the study of the pAn-GOD system. This does not represent a'g6od 
choice of polymer for a further detailed investigation, and serves only to demonstrate 
that other polymers, as well as polypyrroles, are amenable to enzyme 
immobilisation. Furthermore, it has been clearly shown that by changing the 
polymer used for immobilisation it is possible to change the substrate response 
characteristics of a glucose sensing device. The previous described pNMP-GOD 
devices gave linear current response in excess of 2xl9-1 mol drn-3 glucose whereas 
the pAn-GOD device responses became saturated at glucose concentrations below 
5xlO-2 mol dm73 glucose. 
In the next section a final example of the use of an organic polymer matrix for 
the electrochemical immobilisation of GOD is described. Following this the 
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characteristics of the three devices described are surnmarised and compared in the 
form of a table. 
4.9.3 Polyphenol 
It has been known for some time that the electro-oxidation of phenols at 
simple metal electrodes results in the formation of a passivating polymeric layer on 
the electrode surface(208). A large number of substituted phenols have been used to 
(209,212) modify electrode surfaces using the technique of electro-oxidation 
T'llis work has commonly used methanol as a solvent and a potential cycling 
method for electropolymerising the phenol of interest. In most cases a thin, 
insulating polyphenylene oxide type film is deposited which results in the very rapid 
passivation of the electrode surface. Suggested applications for this type of polymer 
in the literature include their use as pH sensing materials (149) and in the field of 
coatings for metal protection (209) - 
The insulating nature of these polymers means that only thin film can be 
electrodeposited, typically between 500 and 1000 k(209). More recent work suggests 
that native polyphenol deposited, from acetonitrile is not electroactive in this 
solvent (113). However, when such a film is placed in an aqueous solution then 
electroactivity of the polymer is seen, the polymer having an EO' close to that of the 
quinone/hydroquinone couple. Furthermore, the polyphenol produced in this way is 
highly sensitive to the pH of the bulk solution and has an EO' value which varies 
60 mV with each unit change in pH. This'implies that there - is a 1: 1 ratio for 
participation of electrons and protons in the electrode reaction. 
In order to use polyphenol as an immobilisation matrix for GOD a procedure 
was developed which allows the reproducible electrodeposition of thin insulating 
films of polyphenol. When grown in'the presence of GOD in the growth solution 
such films are found to contain enzyme in an active form. 
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There is little information in the literature regarding the electropolymerisation 
of phenol from buffered aqueous solutions. However, it is known that the electro- 
oxidation of phenol at I volt (vs SCE) at a platinum electrode results in the 
formation of a polyphenol film 
(149) 
. The growth medium employed in this case was 
phenol (2.5xlO-'3 mol dm-3) in buffer at pH 4.85. A potentiostatic growth method 
resulted in a rapid decay of the polymerisation current indicating rapid passivation of 
the platinum electrode surface. 
An investigation into the use of polyphenol for the electrochemical 
immobilisation of GOD was undertaken. There do not appear to be any existing 
reports describing this type of work. 
The procedure used for the preparation of polyphenol-GOD (pPh-GOD) 
electrodes was sirrfflar to that described for the production of pNMP-GOD and pAn- 
GOD electrodes. 
A potentiostatic growth at 1.40 volts (vs SCE) on a clean platinum electrode 
was used in all cases. This potential was found to give the most even and adherent 
films, higher potentials being associated with solvent oxidation at the neutral pH 
used. Phenol (0.05 mol dm-3) in buffered electrolyte (0.15 mol drn-3 sodium 
phosphate, pH 7.2,0.1 mol dm-3 tetraethylammonium tetrafluoroborate) containing 
GOD (8.5 mg crrf-3,1270 U cm-3) was used as the growth solution. After passing 
around 5mC (electrode area = 0.385 cm2) the current decayed to very low levels, 
resulting in the deposition of a thin golden film. 
Films were washed and then placed in background buffered electrolyte 
solution for characterisation. 
The permeability of this insulating film was investigated by polography in 
ferricyanide solution. The presence of the film completely blocked the reaction of 
this redox couple at the underlying platinum electrode, indicating that the film was 
impermeable to this molecule (figure 4.22). 
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Figure 4.22 Polarogram for polyphenol coated and clean platinum electrodesin 
ferricyanide solution (potassium ferricyanideý 5 mmol dm-3, TEA 
TFB 0.15 mol dnl-3. phosphate 0.1 mol dM-3, PH 7.2,25'C) at a 
rotation speed of 9 Hz. 
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platinum 
This indicates that the film may be impermeable to glucose also, resulting in 
only the enzyme at the outer edge of the polymer film being able to react with 
glucose. Due to the insulating nature of this polymer the hydrogen peroxide 
produced by the enzyme substrate reaction must diffuse to the platinum electrode to 
react. 
Initial results for the response of the pPh-GOD system to additions of glucose 
are analysed in the next section. Data for one film thickness only is presented. A 
systematic variation of film thickness is not possible in this case due to the highly 
insulating nature of the polyphenol produced. 
4.9.4 Analysis of the pPh-GOD Data 
The response of pPh-GOD electrodes to glucose was determined as described 
previously. The responses are non-linear and continue to increase at glucose 
concentrations in excess of the Michaelis constant (KM) for the homogeneous 
(131) enzyme reaction . Such a response is slýown in figure 4.23. The inset to this 
figure shows the form of the current response on the addition of glucose to the bulk 
solution. 
The shape of the substrate response curve was analysed in terms of the 
theoretical expression describing the current response when the reduced mediator 
can only become reoxidised at the underlying platinum electrode surface. This 
theoretical treatment is described full in section 3.1.4 of this thesis. 
It is only possible to grow polyphenol to a very small thickness under the 
conditions used. The electrode quickly becomes passivated by the deposition of a 
pPh-GOD insulating layer. It is therefore apparent that since the pPh-GOD films are 
very thin then I <<XK. 
T'llis situation would place us on the top half of the appropriate case diagram 
(figure 3.5), and therefore at low concentrations of s in case 111b. In this situation 
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Figure 4.23 Response curves for the'glucose ox'idase - polyphýenol electrode to 
glucose. The plot shows the calibration curve obtained for additions 
of glucose. The inset shows the i-t trace for additions of glucose., 
The arrows represent stepwise increases in the bulk glucose 
concentration of 5 mmol dm-3. 
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increasing the substrate concentration will move us to the right hand side of the case 
diagram and into either case I or 11. 
Once again the only difference between these two cases that can be detected - 
experimentally is the oxygen dependence of the current in this, thin film / high 
substrate case. Referring back to -table 3.3 it is apparent that the only difference 
between the jB expressions for case I and 11 is that the former is dependent on ka.. 
and the latter on k,,,,. 
Using the available data it is, therefore, not possible to distinguish between a 
kinetic turnover due to enzyme (Michaelis-Menten) kinetics, kcat 9 or due to mediator 
kinetics, ka.. 
The polyphenol system again serves to illustrate that an insulating polymer is a 
suitable choice in the development of a successful electrochemical enzyme 
immobilisation strategy. Further the change in polymer from poly-N-methylpyrrole 
and polyaniline to polyphcnol as the immobilisation matrix has once more altered 
the response characteristics of the device. 
A final interesting point arises from a calculation to estimate the thickness of 
the pPh-GOD films produced. Using an estimated molecular volume of 
3.56xlo7ZCM3 for each phenolic unit and assuming a close packing of the polymer, 
an estimate of the film thickness was made. . 
For a charge of 4.5x I 073C passed for 
electWeposition of polyphenol the corresponding film thickness was estimated at 
13 nm (or 90 monolayers of phenolic units). T'his dimension becomes interesting 
when it is known that the GOD molecule has a diameter approaching 9 nm ("). nis 
means that the film is of a similar thickness to the enzyme molecule. This is a 
completely different situation to that found for PNMP-GOD films. It is highly likely 
therefore that glucose does not diffuse through the polyphenol matrix but may react 
with exposed enzyme molecules. The hydrogen peroxide produced must then 
diffuse over a very short distance to react on the underlying platinum electrode. This 
situation may account for the relatively large currents observed when additions of 
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glucose are made to this system. 
The effect of rotating the electrode, at. high glucose concentrations, was also 
determined. Ile results were directly comparable to those observed for the pNMP- 
GOD system, mainly that as the rotation speed increases the current decreases (figure 
4.24). This effect has been explained in terms of loss of hydrogen peroxide from the 
polymer film being greatest at higher rotation speeds earlier in this chapter. A plot 
I of i vs W-4 reveals a straight line with an intercept corresponding to jB (the 
extrapolated current response at infinite rotation speed). This has a value of 0.55 IiA 
in the pPh-GOD system (figure 4.25). 
The response of the pNMP-GOD, pAn-GOD and pPh-GOD devices to glucose 
are compared and contrasted in the following section. Obviously the pNMP-GOD 
system was the source of most of the experimental data since this system permitted 
wide variation in I and ej:, and produced very stable and reproducible responses. 
This is the most fully characterised system. 
4.9.5 Comparison of Response Characteristics 
The responses of the three devices, described in this chapter, to additions of 
glucose in the presence of oxygen are summarised in table 4.5 below. They are 
compared in terms of their glucose response, the site of hydrogen peroxide detection, 
and their stability, as well as in terms of certain enzyme loading and polymer film 
thickness parameters. 
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Figure 4.24 Plot showing the electrode response as, a function of rotation speed 
(0.1 rnol dm-3 glucose). 
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Figure 4.25 Plot of response as a fUnction of IV-"' (data taken from figure 4.24). 
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Table 4.5 
Comparison of the response characteristics of the immobilised glucose 
oxidase systems 
Parameter pNMP-GOD pAn-GOD pPh-GOD 
Estimated > 0.30 0.05 0.15 
[glucose] at 
which saturation 
is reached 
(mol dM--3) 
Site of H202 platinum platinum platinum 
oxidation 
Nature of conducting insulating insulating 
polymeric 
matrix 
Stability >5 days 2 hours 2 days 
Effect of dependencein unclear unknown 
enzyme loading films Of 1 "ýýXK 
(el) 
Effect of film maximum in i maximum in i unknown (a) 
thickness (1) vs 1 plot vs charge plot 
Effect of no saturation unknown unknown (b) 
mediator due to a.. 
concentration 
Notes 
el 
(a) Not possible to grow pPh-GOD films of different I due to highly insulating 
nature of this polymer. 
(b) No apparent 02 limitation of reaction. 
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4.10 CONCLUSIONS 
Examination of the data for the three immobilised enzyme / polymer systems 
studied reveals that the electrodeposition of organic polymers from buffered, 
aqueous solutions containing the monomer and redox enzyme of choice represents a 
successful immobilisation strategy. 
Examination and interpretation of the response characteristics of these 
immobilised enzyme systems shows that certain characteristics are common to a 
number of the systems. It appears that in all cases the hydrogen peroxide produced 
must diffuse to the platinum electrode to react and cannot react on the polymer. This 
is expected for the insulators polyaniline and polyphenol but may be an unexpected 
result for the conducting poly-N-methylpyrrole matrix. 
The current response is seen to be linear to very high glucose concentrations 
for the pNMP-GOD system. This was explained in terms of the partition of glucose 
into the polymer matrix being inefficient. Therefore a high glucose concentration in 
the bulk solution is paralleled by a low concentration in the polymer film 
surrounding the enzyme. In the pAn-GOD and pPh-GOD systems a saturation type 
response is seen. Now more glucose must enter the film, reflecting a change in its 
partition coefficient, K, so that ka becomes limiting at high concentrations of 
glucose. 
Alternatively the regeneration of oxidised GOD by reaction of reduced GOD 
with mediator (described by k,, ) could become rate limiting at high substrate 
concentrations. 
A change in the nature of the immobilising polymer clearly produces changes 
in the response characteristics of the resultant device. This ability to alter the 
device's characteristics may be advantageous when designing a sensor for a 
particular application. 
A detailed understanding of the mode of operation in the immobilised enzyme 
system has been gained. In the final part of this chapter the flexibility of the 
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electrochemical immobilisation method is demonstrated in, terms of bi-enzyme 
systems developed using pNMP as the immobilisation matrix. Oxygen is again used 
as the mediator in these systems. 
4.11 ELECTROCHEMICAL IMMOBILISATION OF TWO-ENZYME 
SYSTEMS 
All the work previously described has involved the immobilisation of one 
enzyme, GOD, in a single polymer layer. In this section the feasibility of 
coirnmobilising two enzymes in a single polymer layer is investigated. Furthermore, 
as it is possible to grow one layer of polypyrrole on top of another(164)1 it is feasible 
to deposit one enzyme containing layer over another. Both coirnmobilisation and the 
production of two layer systems are described in this section. All work described 
involves the use of poly-N-methylpyrrole as this has many desirable characteristics 
(section 4.5). The model enzyme system chosen to test this type of two enzyme 
system was a coupled 0-fructosidase - glucose oxidase (0-Fr-GOD) system. 
Initially an effective method of coupling these two enzyme reactions was 
determined and the pH optimum of the coupled system elucidated. This will now be 
described. 
4.11.1 A Coupled 0-fructosidase-GOD System 
In this section a coupled P-fructosidaseýGOD system is described. An oxygen 
electrode assay for this system is used to determine the pH optimum for the coupled 
system. 
0-fructosidase (E. C. 3.2.1.26) catalyses the hydrolysis of sucrose 
(1-0-ccD-glucopyranosyl-PD-fructofuranoside) into its constituent monomeric 
sugars; 
IF Sucrose + H. 0 L4raD -glucose + D-fructose (4.14) 
168 
The production of glucose by this enzyme was coupled to its consumption by 
(124) GOD 
The (x-D-glucose produced by P-fructosidase undergoes a relatively fast 
mutarotation to P anomer in solution. Ilis P-D-glucose then acts as a substrate for 
GOD. 
An oxygen electrode assay (section 2.8-. 1) was developed to determine the pH 
optimum for this coupled system. 
Although assay conditions were chosen to rninimise any lag due to the 
coupling of the two reactions, a short lag was observed on the addition of sucrose. 
A trace showing depletion of oxygen on addition of substrate 11 
is shown in 
figure 4.26a. The pH profile determined for this coupled system is shown in figure 
4.26b. A pH of 7.2 was found to give a near optimal rate and experiments to 
investigate the electrochemical immobilisation of this coupled system were 
conducted at this pH in all cases. 
The coirnmobilisation of this system and the production of a two layer device 
in which a poly-N-methylpyrrole-o-fructosidase layer was deposited on top of a 
poly-N-methylpyrrole-GOD layer will be described below. 
4.11.2 Coimmobilisation 
Enzyme containing films were grown from solutions containing 
N-methylpyrrole (0.05 mol din-3), buffer (sodium phosphate 0.15 mol dm"-3 pH 7.2), 
electrolyte (0.10 moIdm73 TEATFB), GOD (1.6 mg CrIj-3 , 380 U cm-3) and 
P-fructosidase (1.2 mg cm-3,360 U cm73). A potential of 0.8 volts (vs SCE) was 
applied to the platinum electrode (area of 0.385 cm 2) for potentiostatic growth. 
Films corresponding to a thickness of 2x1075 cm were produced. 
These coated electrodes were washed and placed in buffered electrolyte 
solution (pH 7.2) at 25"C and rotated at 9 Hz. A hydrogen peroxide detection 
potential of 0.9 volts was used. The presenceý of enzyme activity within the polymer 
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Figure 4.26 a) Oxygen electrode trace for the addition of sucrose to the coupled 
enzyme system in solution. 
Figure 4.26 b) The pH profile for this coupled enzyme system. 
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%%-as demonstrated bý maldng additions of substrate. Additions of glucose gave 
current responses (figure 4.27) demonstrating that the GOD was active As expected. 
7be electrode was then washed and placed in fresh buffered electrolyte solution. 
Additions of sucrose were then made and current responses were observed (figure 
4.27). The responses are stable and fairly reproducible in this coirnmobilised 
bicnzyme system. 
This demonstrates that coirnmobilisation is possible by the elecu-odeposition 
technique. Both enzymes remain in an active state during this procedure. 
In the next section the production of a bilayer device is described. 17his again 
incorporates the same coupled enzyme system but in this device the two enzymes are 
separated into different polymer layers. 
4.113 Production Of 2 Bilayer Two-Enzyme System 
The bilayer system(168) was produced as follows. A GOD containing poly-N- 
methylpyrrole film %%-as grown as previously described. 71e electrode was then 
%%-ashed and a second P-fructosidase containing layer of poly-N-methylpyrrole was 
deposited over the first layer. Films were grown potentiostatically at 0.80 and 0.90 
volts (vs SCE) respectively. A slightly higher potential was required to produce the 
Same rate of film growth for the second coating process. Both films had a thickness 
of around 2xle and were found to be even and adherent. 
After growth the bilaycr electrode was washed and placed in buffered 
electrolyte solution. Addition of sucrose (240-ýmol dni-3) to the solution produced 
a slow current response, taking around 20 seconds to reach a steady state current 
(figure 4.28). This is likely to be due to a finite time being taken for the action of the 
P-fructosidase enzyme to build up a concentration of glucose within the polymer 
film. It should be noticed that the GOD-pNNIP layer above showed no response to 
additions of sucrose, 
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Figure 4.27 Responses of the coimmobilised bienzyme systern. Each arrow 
represents a stepwisc increase in the substrate concentration of 
3 6.6 mml dm7 
20s 
120nA 
glucose 
sucrose llljjjý 
T 
Figure 4.28 Response for the two layer bienzyme systern on the addition of 
sucrose. 
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77he proccss of electrochemical inimobilisation can be used for the 
coinamobilisation of enzymes and furthermore for the build up of multilayer devices. 
This indicates that this technique may be applicable to the immobilisation of a wide 
range of enzyme systems. 
'Me uvTk presented in this chapter used oxygen as an enzyme mediator. In 
chapter 5 the use of an artificial electron acceptor/donor to accept electrons from 
substrate reduced immobilised GOD is described. A detailed theoretical analYsis of 
the experimental data is dcscribed in full. 
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CHAFMR FIVE 
THE IM', %IOBILISATION OF GLUCOSE OXIDASE IN 
CONDUCTING POLY-N-METHYLPYRROLE FILMS; 
MEDIATION BY A FERROCENE DERIVATIVE 
In the previous chapter results were presented for the reaction of immobilised 
glucose oxidase (GOD) with its natural redox mediator, dioxygcn, and the 
subsequent detection of the hydrogen peroxide produced at the underlying platinum 
electrode. In this chapter it was shown conclusively that hydrogen peroxide 
produced by GOD immobilised in films of poly-N-methylpyrrole, polyaniline and 
polyphenol cannot be oxidised on the polymer and must therefore diffuse through the 
polymer to be detected at the platinum surface. 
In this chapter results are presented for the GOD-pNMP system in which a 
water soluble ferrocene derivative is substituted for the natural mediator, dioxygcn. 
This chapter deals exclusively with the GOD-PNMP system as this has been shown 
previously to have many desirable characteristics (section 4.5). A suitable fenocene 
derivative was chosen as an artificial redox mediator for the GOD reaction and the 
electrode response was determined at a series of film thickncssesý enzyme loadings, 
and mediator concentrations. 7be responses are then described in terms of the 
specially developed model (section 3.2). A new situation is seen in which the 
fcrromne mediator is rapidly oxidised on the pNMP matrix. 71is redox reaction 
cannot, however, occur uniformly throughout the conducting polymer layer and is 
confined to regions at the outer surface of the polymer and close to the electrode. 
Evidence to support this hypothesis is presented in the theoretical section of this 
chapter. 
In conducting this work it is essential that oxygen is excluded from the 
solutions. Any oxygen may interfere with the reaction mediated by the artificial 
rcdox couple under investig3tion. For this reason a special airtight cell was used in 
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all sections of this work. 
In the first part of this chapter the design and characteristics of this special cell 
are described. Following this the requirements of a suitable mediator are described. 
Finally the reaction of the ferrocene mediator with GOD immobilised in films of 
poly-N-methylpyrrole is investigated and the data obtained are explained in terms of 
a specially developed theory. 
5.1 A GAS TIGHT ELECTROCHEMICAL CELL 
77his section will describe the design and characteristics of an electrochemical 
cell in which rigorous deoxygenation of a solution and good hydrodynamics at a 
rotating disc electrode (RDE) are achieved. Thc cell is made of colourless perspex 
and consists of three compartments for the working (RDE), counter, and silver/silvcr 
chloride (Ag/AgCl) reference electrodes. The working electrode consists of a 
normal RDE (section 2.3). This electrodc is attached to the rotator block and a 
perspex sleeve, with an inlet and outlet for nitrogen, and is fixed to the head of the 
rotator block by means of a rubber '0' ring. Ibis provides a gas tight seal. 7le 
lower end of this perspcx sleeve makes a gas tight contact with the top of the cell. 
This arrangement allows a constant positive pressure of nitrogen to be maintained 
over the deoxygenated sample. No oxygen is allowed to diffuse back into the 
sample solutiorL This is essential in the present work. 71e system described in the 
previous chapter did not require this rigorous solution deoxygenation. Indeed the 
system required oxygen for operation, making the use of a normal water jacketed 
pyrex cell (figure 2.4) adequate. , 
A further criterion for the design of this gas tight cell is that the hydrodynamic 
flow of clectroactive material to the RDE surface is optimised. 'nis means that a 
suitable intemal cell geometry must be produced, and then tested using a well 
characterised system such as the ferri/ferrocyanide couple in potassium chloride 
c1camlyte. The internal cell geometry is shown as a scale drawing in figure 5.1. 
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71c top of the sample chamber is flat, the reference electrode being retained behind a 
frit to prevent it protruding into the sample chamber and causing turbulence. The 
lower part of the sample chamber has sides which extend at a 45* angle to the glass 
frit at the bottom of this chamber. Below this frit is the counter electrode 
compartmcnL 
It should be noted, therefore, that there are no sharp protrusions into the 
sarnple chambcrý which might cause the flow of the solution to become turbulent. 
Also the internal geometry is such that solution leaving the electrode surface can do 
so with the minimum of hydrodynamic Tesistance. 
'ne characteristics of this cell were determined using a number of methods, 
mainly by measuring Levich currents, diffusion coefficients and by performing 
coulomctric titrations. In this way it was established that this cell geometry is well 
suited to use with a RDE and also the active solution volume of the cell was 
dctennincdL 
7le results for such cell characterisation experiments are given in the 
following sections. 
5.1.1 Levich Currents 
A solution of potassium fen-ocyanide (1.00xlOmol dm-3) in potassium 
chloride electrolyte (0.25 Mol dzh-3) was placed in the cell. A platinu-m electrode 
, area 
0385 cm2) was inserted and the cell connected to the electrode rotator via the 
perspex: sleeve. 7bc clecmWe was poised at a potential corresponding to the limiting 
current for fam)cyanide oxidation and the rotation speed was changed step wise. As 
the data was collected a Levich plot was constructed. 7lie Levich equation"90) 
describes the mass transport limited current at a rotating electrode. 
iL = 1.554nFAD 
21-? V-1161VI12C. (5.1) 
where IL is the limiting current (amps), n the number of electrons, F is the faraday 
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Figure 5.1 Drawing of the persPex gas tight electrochemical cell and electrodes 
(to scale 1: 1). 
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(C morl), D is the diffusion coefficient (CM2 S- 1), V is the kinematic viscosity 
(cm2 s7l), IV is the rotation speed (Hz), and c- is the bulk concentration of the 
clecarde specics (mol drn-3). 
71c Levich plot, iL against IV". has a slope of 
Levich slope = 1.554nFAD2'3v-"6c. (5.2) 
As all parameters except D are known, a value of D can be determined. If the cell 
geometry of the gas tight cell is providing good hydrodynamic flow to the RDE three 
factors will rcsulL Firstly the Levich plot will have a good linearity, secondly it 
should pass through the origin, and finally the slope of such a plot should yield a 
diffusion cocfficient which is comparable to the accepted literaturr, value for these 
experimental conditions. 
All of these criteria are met in this case. The Levich plot is linear with zero 
intercept and a slope of 4.32(±0.020)xlO-5A Hz7A. 71is gives a diffusion coefficient 
for ferrocyanide in the range 6A3 to 6.53xlO-6cm2s7l. 71e experimentally 
determined diffusion cocfficient compares favourably to the accepted literature value 
(214) of between 6.39 and 6-50x 10-6 cm2 t-1 for a similar electrolyte medium 
Miis indicates that the electrodelcell - combination provides a, good 
hydrodynamic flow of the electroactive species to the RDE(215). Further evidence for 
this is presented in the following sections. 
5.11 Albery-Ilitchman Determination of Diffusion Coefficients 
As a further test of the hydrodynamics of the sample chamber of the gas tight 
cell. and also to determine a suitable cell solution volume, experiments were 
conducted to determine the diffusion coefficient of the fer=yanidc ion using the 
(216) method described by Albery and Hitchman 
In this procedure the RDE is stepped to a potential corresponding to the 
limiting current for ferrocyanide oxidation (0.5V vs AgjAgCl) and the decay of the 
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resulting current with respect to time is measured. Conditions are chosen to give a 
suitably fast rate of current decay (small sample volume, high rotation speed, large 
electrode area). An Albery-Hitchman plot of current against time was constructed 
using the data from a current-time transient. A typical plot is shown in figure 5.2. 
Ile slope of this plot is given by 
Slope = 
1.554A TV'12D213 (5.3) 
v 116 v 
where afl terms have their usual meaning and V is the'ccll volume (cm3). 
It should be noted that in this case an accurate value for the cell volume, and 
not as in the case of the Levich analysis the concentration, is needed. 
As A and It' are kno%%m. values for Dý can be determined accurately by this 
type of experiment. Values of D for fen-ocyanide were determined using a number 
of rotation speed /cell volume combinations, table 5.1. 
Table 5.1 
Diffusion coefficients determined by the Albery-Hitchman method 
(CM3)b) Cell volume Rotation speed (Hz) 
D)obtained (CM2S71) 
X106 
4.0 16 6.60 (±0.10) 
3.5 16 6.48 (±0.10) 
3.5 25 6.42 (±O. 
Notes 
a) In a 0.25 =1 dm73 KCI medium, 20"C, clecn-ode arta = 0.385 CM2 
b) Volume of sample chamber, worldng clectrode compartment only. Solutions 
contained behind frits in reference and counter electrode compartments not 
included in this volume (section 5.1.1). 
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Figure 5.2 Albery-Hitchman plot for oxidation of ferrocyanide ion'at a ro'lating 
electrode (03V vs Ag/AgCl). 
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The values of D, for fcn-ocyanide, determined are in excellent agreement with 
the value obtained from a Lcvich analysis (section 5.1.1) and with literature 
(214) 
valucs 
This data demonstrates that the cell has the correct geometry for the 
hydrodynamic flow to the RDE surface to be optimal. Also it can be seen that 
solution volumes of between 3.5 and 4.0 cm 3 are suitable for this cell. Ile use of 
smaller cell volumes was found to cause the presence of gas bubbles at the top of the 
cell. Tbis situation is undesirable since it will produce turbulence in the solution 
flow. 
In the final part of this section the cell is used for a coulometric titration. The 
procedure used and the titration data obtained are presented below. 
5.13 Coulornetric Titr2tion in the Gas 7-ight Cell 
In this work a large generator clectrode was used to oxidisdreduce ferrocene 
acetic acid (FAA) in solution. 71is generator electrode consisted of platinum gauze 
and was found to have an active surface area of 12.5 crn2 by cyclic voltarnmetry. 
During the course of the redox titration a series of polarograms were recorded at the 
RDE. 71is also served to mix the solution during thi ti'tration. 
IMe cell was filled with 3.5 cm3 of a deoxygenated solution of FAA 
(7.05xl(r4moldni-3) in buffered electrolyte (sodium phosphate 0.15 moldm-ý 
sodium chloride 0.15 mol dm73) at pH 7.0. This fcTroccne derivative was used in 
preference to the ferrilferrocyanidc couple because it shows a marked colour change 
from yellow in the reduced fcrroccnc form to blue in the oxidiscd fcrricinium form. 
71is acted as an indicator to determine whether or not the solution retained behind a 
glass frit in the counter electrode compartment (figure 5.1) was able to mix freely 
with the main solution. 
The large generator electrode was held at +350mV (vs Ag/AgCl) until enough 
charge was passed to oxidisc all of the FAA to the blue FAA* form. It was apparent 
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that the solution in the counter electrode compartment did not turn the blue colour 
produced in the sample compartment. This may be due to the fact that an opposite 
reaction occurs at the counter electrode to that occurring at the working electrode. It 
does however indicate that mixing between the FAA in the sample and counter 
electrode compartments is slow. 
The relationship between the charge passed and the amount Of material 
oxidised provides better evidence for the fact that only the solution in the sample 
compartment is in contact with the working electrode. In theory a total charge of 
0.238 coulombs (n=1) would be required to oxidise the 3.5 cm 3 of FAA solution in 
the sample compartment. This compares favourably with the experimentally 
determined value of 0.254 coulombs. This gives a value of 1.06 electrons per 
molecule of FAA, clearly demonstrating that the solution in the sample chamber 
only is accessible to the working electrode. A Nernst plot showing the progress of 
the oxidation of FAA is shown in figure 5.3. This has a slope of 63mV which is 
close to that expected for a reversible couple at this temperature; at 250C, for a one 
electron reaction a slope of 59.19mV can be calculated. 
The new type of gas tight perspex. electrochemical cell described in this 
section is suited to use with a rotating electrode (RDE). It has been shown that a 
suitable sample volume is 3.5 to 4.0 ml and that this solution alone is in contact with 
the working electrode. 71iis cell also makes the rigorous exclusion of oxygen 
relatively easy. This is important in the following work as there is a possibility of 
oxygen interfering with the glucose oxidase/mediator reaction if any is allowed to 
enter the solutions. For this reason the gas tight cell was used in all work described 
in this chapter. All potentials will therefore be expressed with respect to silver/silver 
chloride (Ag/AgCl). 
In the following sections the reaction between substrate reduced immobilised 
glucose oxidase and ferrocene monocarboxyjic acid (FMA) is described. Glucose 
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FigUre 5.3 Nemst plot for the progressive o, ýicljtion of ferrocene acetic acid. 
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oxidase is immobilised in films of poly-N-methylpyrrole in all cases. Tbe reasons 
for using FMA as the mediator are discussed. Initially the reaction of FMA at clean 
and poly-N-methylpyrrole coated platinum electrodes is described. 
5.2 THE REACTION OF FMA AT CLEAN AND POLY-N-METHYL 
PYRROLE COATED PLATINUM ELECTRODES 
In this section the site of reaction of FMA at a poly-N-methylpyrrole (pNMP) 
coated electrode is established. The diffusion coefficient and thennodynamic E' 
(pH 7.0) of the redox couple is determined and compared to literature values. 
5.2.1. Oxidation of FMA at a Platinum Electrode 
A series of polarograms were recorded for FMA (1.035xl 0-3 mol dm-3) in 
buffered electrolyte solution (sodium phosphate 0.15 mol dm-3, sodium chloride 
0.15 mol dirC3) at different electrode rotation speeds. 
The electrode was polished (section 2.3) prior to each measurement. A 
representative polarogram is shown in figure 5.4. Analysis of this polarogram shows 
that the limiting current for FMA oxidation occurs at potentials anodic of 0.425V (vs 
SCE). The thermodynamic E* (pH 7.0) for this reaction was determined by further 
analysis of the polarogram using the corrected Tafel equation 
In 
iL 
_I= 
RT71 (5.4) 
11j 
nF 
where q is the overpotential (volts vs SCE). 
This form of the Tafel equation is relevant to reversible redox couples where 
k'>>kD, (the electrochemical rate constant >> the mass transfer rate constant)(217). 
The equation contains no k' term as the reaction is so fast that there is 
equilibrium between the oxidised and reduced species at the electrode surface. A 
plot of In( 
IL 
-1) against Tj for a reversible system will yield a value for the I 
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Figure 5.4 Polarograrn for the oxidation / redtiction of ferrocene monocarboxylic 
acid at a rotating disc electrode (9 Hz). 
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thermodynamic E" of this system when 
In 
iL 
- =0, TI=E* (5.5) 
I1 
11 
and should have a slope equal to the Nernst slope (5 8.5 mV at 22T, n= I). 
Such a plot is shown in figure 5.5. The E' (pH 7.0,22"C) for the FMA/FMA+ 
couple is 280mV (vs SCE). This is in good agreement with values of between 275 
(47,53,65) 
and 288 ±lOmV (vs SCE) in the literature 
The slope of this plot is 63(±3)mV indicating that the system is 
electrochemically reversible. 
In order to determine the diffusion coefficient of the FMA molecule the 
platinum electrode was poised at a potential corresponding to iL (450mV vs SCE) 
and the resultant limiting currents were measured as a function of rotation speed. 
Using this data a Levich plot (eqn 5.1) was constructed. This had a slope (eqn 5.2) 
1 of 9.545xjG-5Acrri-2Hz-ý1 giving a value for D of 4.8x, U-6cm2s-l (figure 5.6). 
This is in good agreement with values of 6. Ox 10-6 CM2 s-I determined by cyclic 
voltarnmetry under similar conditions (65) and 4.6x IU-6CM2s-1 determined at a 
(218) rotating disc electrode 
In this section values for EO and D of the FMA couple have been determined. 
This couple is stable in solution over a time scale of several hours and exhibits fast 
kinetics at the electrode. In the next section the reaction of this redox couple at 
poly-N-methylpyrrole coated platinum electrodes is described in an attempt to 
determine whether or not the FMA molecule is rapidly oxidised on this conducting 
polymer. 
5.2.2 Reaction of FMA at Poly-N-methylpyrrole Coated Electrodes 
The dependence of the limiting current upon the rotation speed was again 
determined. A Levich plot of the data was linear, indicating that the FMA was being 
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Figure 5.5 Corrected Tafel plot for the oxidation / reduction of ferrocene 
monocarboxylic acid (data from figure 5.4). 
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Fig tire 5.6 Levich plots for the oxidation of ferrocene'nionoct'irbo4lic acid. ' 
Solid points for data at a pNMP-GOD coated platinum RIDE, open 
points for data at a clean platinum RIDE 
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rapidly oxidised on the surface of the conducting polymer. 711is is opposed to the 
situation encountered for the oxidation of hydrogen peroxide (section 4.5.1) which 
must diffuse through the conducting polymer to be oxidised at the underlying 
platinum electrode. The Levich plot for a poly-N-methylpyrrole coated electrode 
(very thick film of around 3xlO-4 cm) is shown in figure 5.6. This has a slope of 
8.50xlO-5ACM72Hz7lA. Ile fact that this is very similar to the slope observed for 
the clean platinum case implies a facile oxidation of FMA at the conducting polymer 
surface. Further evidence is provided by the fact that the Levich slope is 
independent of film thickness and depends linearly on the bulk concentration of 
FMA (figure 5.7). 
This observation has important implications in understanding and modeling of 
the reaction of this mediator with GOD immobilised in conducting poly-N- 
methylpyrrole. The reduced form of the mediator produced by the enzyme reaction 
can now be reoxidised on the conducting polymer. This represents a different 
situation to the hydrogen peroxide case presented in the preceding chapter and is one 
which requires the development of a new theoretical model to allow for this fact. 
The new situation is modelled in section 3.2 of this thesis. This model is used to 
interpret the data obtained for the mediation of the immobilised GOD reaction 
contained in this chapter. The effect of varying the polymer film thickness, enzyme 
loading and bulk FMA concentration on the iinmobilised enzyme electrode response 
is described and then modelled in the following sections. 
5.3 RESPONSES TO GLUCOSE 
Glucose oxidase (GOD) was immobilised in films of poly-N-methylpyrrole 
(pNMP) by the method described in detail in the preceding chapter. The response of 
the immobilised, GOD to glucose was determined when FMA was substituted for the 
natural enzyme mediator, dioxygen. The substrate reduced GOD is reoxidised by the 
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Figure 5.7 Plot of the Levich slope as a function of bulk mediator concentration. 
Open points for data at a pNMP-GOD coated platinum RIDE, solid 
points for data at a clean platinum RDE. 
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ferricinium fonn of FMA (FMA+): 
GOD-FAD + glucose -+ GOD-FADH2 + gluconolactone (5.6) 
GOD-FADH2 + 2FMA'----> GOD-FAD+ 2FMA + 2W (5.7) 
f 2 FMA )2 FMA+ +2 e- (Enzymic) 
D FMA-)FMA'+2e7 (Levich) 
(5.8) 
(5.9) 
The reaction in equation (5.7) probably occurs in two steps whereby the reduced 
enzyme donates an electron to one FMA' molecule to form the flavinserniqui none 
state (FADH) and then a second electron to a further FMA' molecule to become 
fully oxidised. Equation (5.9) is included to show that the oxidation of FMA 
produced by the enzyme at the electrode will be accompanied by the mass transport 
limited oxidation of FMA already present in the bulk solution. 
The production of FMA by the enzymic reaction was monitored 
amperometrically at a potential of 0.40 volts (vs Ag/AgCl). This is approximatelY 
0.20 volts positive of the E* of the FMA/FMA+ couple (section 5.2) so that all of the 
FMA produced by the enzyme will be reoxidised to the FMA' form. This results in 
the recycling of the mediator within the polymer film (figure 5.8). 
In order to measure the response of the GOD-pNMP electrode to glucose at a 
particular enzyme loading and film thickness the electrode was placed in a FMA 
solution of known concentration and potentiostated at 0.40 volts (vs Ag/AgCl). All 
oxygen is excluded from the cell and the Levich current at a particular rotation speed 
(typically 4 Hz) was measured in the absence of glucose. Then aliquots of stock 
glucose solution (1.00 mol dm-3) were injected into the cell and the resulting current 
increases were measured. The Levich current, at zero glucose, was taken as the zero 
enzymatic current for each response measurement. A typical set of responses and 
the calibration curve produced by plotting the enzymatic response Q10tal - iL-., ich) is 
shown in figure 5.9. The current response is seen to saturate at glucose concentration 
of greater than 6. OxlO-2 mol dM-3 . The reasons for this current response saturation 
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Figure 5.8 Schematic representation of recycling of the mediator in tile enzyme 
containing conducting polymer film. 
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Figure 5.9 Plot of electrode response (ilot, ) - iLevich) as a function of bulk 
glucose concentration. The lower inset shows the experimental trace 
of current as a function of time. The arrows indicate the points at 
which glucose was injected and the numbers signify the final. 
concentration of glucose after each addition to the bulk solution. 
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are explained fully in the latter sections of this chapter. 
The response of this system was also investigated by cyclic voltammetry, In 
the next section the cyclic voltammetric responses will be presented. This is 
followed by the main body of this work which involves the amperometric detection 
of FMA produced by the immobilised GOD. These results are explained in terms of 
our theoretical model (chapter 3). 
5.3.1 The Cyclic Voltammetry of the FMA Mediated GOD-pNMP System 
In this short section the cyclic voltammetry of pNMP films gown 
potentiostatically from a buffered electrolyte solution (sodium phosphate 0.15 
mol dm73, TEATFB 0.10 mol dn, 73) containing glucose oxidase (GODIO mg cm-3) 
is described. Thin films (IxIG-5 cm) were used in all cases. The films were washed 
and placed in a deoxygenated solution of FMA (5.5xlO-4mol dm-3) at pH 7.0. 
Cyclic voItammetric responses were recorded in the presence of increasing amounts 
of glucose. Typical electrode responses, at a sweep rate of 2 mV s-1 are shown in 
figure 5.10. The development of a polarographic type wave is seen. The catalytic 
current is indicative of the enzyme reduction of FMA. 
Ilis initial work is intended to demonstrate that mediation of the immobilised 
GOD reaction is feasible when using FMA added to the bulk solution. In the 
following sections the amperometric respons6 of such a system to glucose additions 
is discussed. 
Initially amperometric responses are presented and analysed in tenns of the 
experimental variables, film thickness, enzyme loading and bulk mediator 
concentration. The responses presented in the next section were recorded at 4 Hz, 
pH 7.0, in the absence of oxygen. 
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Figure5.10 Cyclic voltarnmetric response for a pNMP-GOD film in the presence 
of FMA (5.5x 10-4 mol dM-3) for different concentrations of glucose. 
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5.4 ANALYSIS OF THE GLUCOSE RESPONSES 
The characteristics of the enzyme containing film are described in terms of 
film thickness and enzyme loading. For each film thickness and enzyme loading the 
dependence of the electrode response to glucose on the bulk mediator concentration 
was determined. 
The responses are then described in tqrms of our theoretical model (section 
3.2). Returning to the mathematical description of this system it can be seen that the 
theory is based on the following reaction scheme 
s EI B 
p 
XkE 
E2 
Xku 
A 
k' 
where S and P are the substrate and product, El and E2 are the oxidised and reduced 
forms of the enzyme, and A and B represent-the oxidised and reduced forms of the 
mediator. Ile rate constants kE and km describe the reaction of oxidised enzyme 
with substrate and the reaction of reduced enzyme with oxidised mediator 
respectively. Ilie electrochemical rate constant k' describes the oxidation of the 
reduced mediator on the polymer electrode. 
Returning to the theory presented in chapter 3 it can be seen that there are 5 
different cases occurring in this system. The expression for the current response, jS, 
has a unique combination of dependencies on 1, ej:, s., and a. for each of the five 
cases. The jS expressions are given in table 5.2. 
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Table 5.2 
The dependence of the flux jS on the experimental variables 
Case is 
Order with respect to 
e 1: S" a.. 
I -Dak'l 0 0 1 
II -Dajmel: l 1 0 1 1 
III -2a. D'ýlkheA m 1: 
1/2 0 1 0 
IV -s.. D 
'hk 'A e 'h EZ 1h 1 0 0 
V -S-IkEel: I 1 0 1 
A case diagram showing the relationship of the different cases is shown in 
figure 3.8. 
In the following section the effect of changing the experimental variables of 1, 
e I:, s.. and a. are described in terms of the theoretical model and accompanying case 
diagrams for this system. 
5.4.1 Film Thickness (1) 
An examination of the case diagram in figure 3.8 reveals that increasing the 
film thickness will move us vertically up the log(IIXK) axis of this diagram for cases 
where, y<< I or wheny>> 1. 
Experimental data describing the effects of increasing I at low and high 
substrate concentrations was obtained. In both situations the data changes from 
having aI st order dependence on I for thin films to a zero order dependence on I for 
thick films. 
5.4.1.1 The V/IV Case Boundary 
Let us first consider the situation for the dependence of jS on I for a low 
glucose concentration (s. = 1.25xlo-6 Mol cm-3). For thin films this places us in 
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case V since this is the only case where jS is dependent on both I and s... On 
increasing the film thickness to a value where jS is independent of I case IV is 
reached. This corresponds to travelling vertically up the case diagram for a situation 
when y>> I (low s. ). 
We can write an expression to describe jS as a function of I for crossing the 
V/IV case boundary 
jvljv = Ks s. NFD -scc[enzjkcal IKU tanh 
[, 
((xfenzlkcat 
KMDs 
Parametrisation of this expression allows us to fit the experimental data for 
increasing I to the theoretical expression describing the crossing of the V/IV 
boundary. 
i =P[I]tanh(IP[2]) 
where P[I]=nFAK, [s]NFDs(x[enz-lkcatIKU 
P [2] = qa[enz -lkca IKM Ds 
A knowledge of certain of the experimental variables such as [enz ], the 
concentration of GOD in the initial growth solution, s. and nFA, allows us to 
determine the values for certain combinations of parameters. All parameters 
resulting from the fit of experimental data to theoretical expressions is presented and 
discussed in the latter part of this chapter. 
A fit of experiment to theory for data which crosses the V/IV case boundary is 
shown in figure 5.11. The data presented in this figure correspond toe,: = 5mgcm-3, 
s. = 1.25x 10-6 Mol cm-3 and a. =IX 10-7 Mol Cm-3. It is apparent that the fit is 
good. Parameters obtained from this data are compared to similar parameters 
obtained by variation of s., e I: and a. later in this chapter. 
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Figure 5.11 Plot to show electrode response as a function of film thickness. Solid 
squares represent data for low glucose concentration 
(1.25xl 0-6 Mol cm-3) and solid circles represent data for saturating 
glucose (I X 10-4 Mol CM-3). 
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5.4.1.2 The 11/111 Case Boundary 
A similar experiment involving the measurement of the electrode response as a 
function of I for saturating substrate concentration was also undertaken. 
Increasing the substrate concentration has moved us to a situation wherey<<I, 
represented by the top half of the case diagram. Now increasing I moves us 
vertically up this portion of the case diagram. lberefore increasing I at high 
substrate concentration represents a crossing of the IT/III case boundary. Case H 
represents a situation where jS is dependent on I and independent of s., whereas in 
case III jS is independent of both I and s.. 
The experimental current responses as a function of 1 are shown in figure 5.11 
together with the theoretical line calculated according to an expression describing 
crossing of the IIAH boundary, where 
jjj /Ill =2 KA [aI NrgA-']'Tm-e ztanh[1 Nrk-M e -j: 1D Aj 2 
(5.12) 
This expression is parametrised as 
i =P[1]tanh(XP[2]) 
where P[11=2nFAKA[a]NfD-AKm a[enz] 
P[21 = V2N/K-m -(x[enz ]IDA 
Once again the fit of experiment to theory is reasonable for crossing this case 
boundary. Ile data presented in this figure correspond to ez=5mgcm -3 , 
a. =IxIO-7molcrn73 and S. =jXjO-, 4MojCnj-3. Parameters obtained from this fit 
are presented later in this chapter. 
5.4.2 Substrate Concentration (s. ) 
In order to further test the validity of this model electrode responses were 
recorded as a function of s. for a number of different film thicknesses. 
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5.4.2.1 The VAI Case Boundary 
The effect of increasing s. on the response of a film of defined thickness was 
determined. A thin film corresponding to a thickness of 9. IXIG-6 CM was used. 
In order to visualise the effect of altering s.. on the position of the data on the 
case diagram, a new case diagram was constructed. This is shown in figure 5.12 and 
shows a plot of log(4k--7D-) vs log(kma.. IkES-) for situations where kmey<k' and 
kmel: >k 
Under normal experimental conditions used the data at Iow substrate 
concentration is positioned on the right hand side of the case diagram. Increasing the 
substrate concentration moves us to the left, corresponding to crossing the V/11 case 
boundary. 
The experimental current responses, as a function of s., are shown in figure 
5.13, together with a line drawn according to the appropriate theoretical expression 
describing crossing of the V/II case boundary. 
nFAKA [a ]Ikm cc[enz 
1+(km KA [a ]1k EKS [s 
This expression is parametrised as 
i =P[I]XI(X+P[2]) 
where P[11=nFAKA[allkmcc[enz] 
P [21 = km KA lkFKS 
Ile experimental data represents an excellent fit to this expression. It is pleasing 
that not only is this a good fit but that it also gives values for the appropriate rate 
constant parameters which are in excellent agreement with those obtained from data 
crossing the V/IV and UMI boundanes. 
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Figure 5.12 Case diagram for sittiations when ktf ez<k'and kxfel: >k'. 
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Figure 5.13 Current response as a function of substrate concentration for a "thin" 
film situation (I = 9. Ix 10-6 cm). 
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5.4.2.2 The IV/IIEI Case Boundary 
Similar experiments in which the response in thick films(3.2xlO75 cný) was 
measured as a function of substr-dte were undertaken. 
Data for a thick film is positioned in the upper half of. the case diagram in 
figure 5.12. Increasing the value of s.. moves us from right to left on this diagram 
for a situation where km e : >k 0. 
Case HI is unusual in that it represents a situation where the FMA produced by 
enzymic reduction of FMA' is reacting at the polymer/solution and 
polymer/electrolyte interfaces and is not being significantly removed by reaction in 
the bulk of the polymer. 
It has not been possible, so far, to obtain a theoretical expression for the 
crossing of the IV/IH case boundary. It is apparent that data for'increasing s.. at a 
constant I in. a_thick film correspond to crossing of the IVAH boundary since a 
crossing from case IV to case I would move us into a situation in which j,, became 
once more dependent on 1. This is not the case so that a IV/III boundary crossing 
can be identified. 
Although a theoretical expression is not at present available it is still possible 
to obtain parameters from the limiting (linear) portions of this experimental data. 
Thus, at low glucose (case IV) 
i1v = nFAKS fs ]NFD-. ot[enzjk,,, u IKM (5.14) 
The experimental data (figure 5.14) reveals a slope of 0.485 A mol-1cm3 for the 
linear portion corresponding to case IV. Entering the known parameters, n =2, 
A=0.385CM2, [enz]=5mgctü-3, then 
Mg -112 
512 -1 - Ks -ýD-, ea ýKM = 2.92x 10-6 cm. s 
This compares very. favourably with values obtained from data describing other 
boundary crossings. 
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Further, at high glucose (case III) 
ill, = 2nFAKA [a ]ý-D,, -Km(x[enz 1 
The experimental data (figure 5.14) shows a plateau current of 4.5xlo-6 A at 
saturating glucose. At a. = 1.035xlO-7 mol cm-3, and using the known parameters 
described above, then 
KA, 
ýFD. 
-kM cc = 1.3 x 1074 Mg7l/2 CM5/2 S-1 
This is again in excellent agreement with parameters obtained for other boundary 
crossings. 
All the experimental parameters are compared and discussed following the 
presentation of all the available experimental data. 
5.4.3 Mediator Concentration (a.. ) 
The effect of altering the mediator concentration under defined conditions of 
el:, I and s. was investigated. The data obtained are not, however, as informative as 
that obtained for variations in the s.. and I parameters. 
Increasing the mediator concentration will move us from left to right on the 
case diagram in figure 5.12. However at high glucose concentrations 
(s.. = IxIO-4mol cm73) for a thick film (3.2xlO-5 cm) and intermediate enzyme 
loading ([enz] =5 mg cm73) no case boundary crossing is seen, the'response being 
linear in a.. over the range 1077 to 10-6 mol cni73. This simply indicates that the 
increase in a. produced was not sufficient to cause a IIIJIV boundary crossing. T'he 
data presented in figure 5.15 is therefore all in case 111. A further increase in a. is 
limited experimentally by the solubility of FMA in the buffer solution used. The 
slope of this plot will give a further estimate of the parameter KA'ýDA ku -(x. 
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Figure 5.14 Current response as a function of substrate concentration for a 
"thick" film situation (1 = 3.2x 10-5 CM). , 
4 
C 
0 
C 
ly 
50 100 
s.. Im mot d m" 
206 
Figure 5.15 Current response as a function of mediator concentration 
(S_ =Ix 10-4 mol cm-3,1 = 3.2x 10-5 cm, [enz I=5 mg cm-3). ,ý, ý 
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5.4.4 Enzyme loading (ez) 
The -effect of altering the amount of enzyme contained within the polymer film 
was also investigated. This is the last of the experimental variables in the pNMP- 
GOD system mediated by FMA+. 
Data was obtained using films of constant 1 (9.1 X 10-6 cm), a.. 
(1.035x 10-7 mol Cn, 73) , and s- (IxIO-4mol dm-3). In this thick film, high substrate 
situation the data is clearly positioned in case III on the case diagram. Increasing ey 
(or a[enz]) will move us from left to right on the case diagram in figure 3.8. 
However, starting in case III and increasing the enzyme loading does not produce a 
crossing of a case boundary so that the current response is linear with (ct[enz as 
described by the jS expression for case 111. Data at high enzyme loadings (> 10 mg 
crn-3 in the growth solution). are excluded as., there appears to be a non-linear 
relationship between the concentration of enzyme in the growth solution, fenz ], and 
the amount included in the polymer film at a defined film thickness, ej: or afenz]. 
1 0-6 Mg-1/2 CrIj-5/2 A plot of i vs fenzf6 is linear, having a slope of 2xI A and 
giving a further estimate of KA -ýD__A km cc. 
It is interesting that no data has been obtained which is clearly case 1. 
Correspondingly, no direct estimate of k', the electrochemical rate constant for the 
reoxidation of FMA, has been obtained. 
It is however possible to put an upper limit on the value of KA k' as we know 
that the experimental conditions used did not produce any case I type responses. 
This parameter is discussed later in this chapter. 
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5.5 COMPARISON AND DISCUSSION OF THE EXPERIMENTALLY 
DETERMINED PARAMETERS 
In the previous sections a number of experiments were described which 
enabled us to move position from one case to the next around the case diagram. This 
procedure provides a rigorous method of testing the validity of the model under 
investigation. In all cases the agreement between experimental data and theory is 
good, indicating that the theoretical treatment is suitable for this mediated 
immobilised enzyme system. 
However, there are further criteria which must be met for this analysis to be 
acceptable. Firstly, the values for rate constants, diffusion coefficients and other 
combinations of parameters which result from the theoretical fit of the experimental 
data must be consistent from one type of experiment to the next. Also the numerical 
values must be of the order expected. Secondly, the parameters describing diffusion 
of s through the film and its reaction with the immobilised GOD must be directly 
comparable to those obtained when using molecular oxygen as a mediator and using 
the same polymei/enzyme combination. Obviously other parameters such as KA and 
km will be different for different types of mediator. ', ý 
In table 5.3 all derived experimental parameters are presented. The case 
boundary crossed by the experimental data giving these parameters is shown in each 
case. Further, the parameter for kca KS cUKU for the GOD/FMA system is compared 
to that for the GOD/02 system. 
It is apparent that the parameters from all experimental data are internally 
consistent. Furthermore, the value for k,, wKScVKM for the GOD/FMA compares 
very favourably to that for the GOD/02 system, being 6.6 to 8.5xlO72 CM3 Mg7l s-I 
and 2.2xlO72CM3Mg-Is-1 respectively. This represents excellent agreement 
between experimental data for the two different mediators. 
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Table 5.3 
Feffocene monocarboxylic acid mediation - best fit data 
k,., Ks a/KM km CLKA K. NrD-s ZT, 7/-Km KA fDA km cc VKA ExpL 
/Cm 3Mg7lS71 /CM3Mg-lS71 X106/CM5/2Mg-1/2S-1 Xj(r/CM5/2mg-1/2s-l /s-1 
V 
-4 11 8.5 5.6 
vary 
IV -4 111 
I - 2.9 1.3 ary S v 
V -4 IV 6.6 - 6.5 - vary I 
- 4.9 - 1.2 vary I 
- 0.5 vary A 
III 
1.3 < 1.5 
vary [enz 
Expts 
2.2 - with 02 
It is clear that the current responses saturate at high substrate concentrations 
when using FMA as the mediator. This situation, differs from the one in which 
molecular oxygen is used as the mediator and no saturation of the current response 
was seen even at glucose concentrations exceeding 0.3 mol drh-ý. , 
ýBoth of these systems use an identical polymer/enzyme combination so that 
we would not expect there to be any change in the substrate/enzyme reaction kinetics 
(denoted by KM or kE) from one system to another. 
Analysis of the responses in the FMA mediated system reveals clearly that for 
both thin and thick films the responses to glucose saturate due to a changeover from 
the enzyme-substrate reaction (described by kca Q being rate limiting to the 
enzyme-mediator reaction (described by km a.. ) being rate limiting at high substrate 
concentrations. Tberefore this, data is again consistent with that presented for 
oxygen mediation in the previous chapter of this thesis. 
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5.6 THE SITE OF FMA OXIDATION 
An interesting and subtle difference arises between the oxygen and FMA 
mediated systems. In chapter 4 it was shown that when oxygen is reduced to 
hydrogen peroxide within a conducting poly-N-methylpyrrole film, or when 
hydrogen peroxide is added to the bulk solution, this molecule must diffuse to the 
underlying metal electrode to become oxidised. There is no reaction on the surface 
or in the bulk of the conducting poly-N-methylpyrrole. This behaviour is clearly 
indicated by Koutecky-Levich analysis. 
In the case of FMA mediation the situdtion appears to be somewhat different. 
If the conducting poly-N-methylpyrrole film is used to oxidise FMA in solution then 
Levich behaviour results (section 5.2.2). FMA is able to undergo a facile oxidation 
on the polymer surface, as well as at the underlying platinum electrode surface 
(section 5.2.1). However, case III of the theoretical analysis describes a situation in 
which FMA can be oxidised either on the outer edge of the polymer or at the 
platinum electrode surface (figure 5.12). It has been shown that a large amount of 
the experimental data presented in this chapter is clearly in case III and as such the 
site of oxidation of the FMA must be one of the two sites described above. This 
would suggest that the bulk of the polymer is unable to act as a medium for the facile 
oxidation of FMA. 77his is an unusual situation, but one which is sensible since not 
only will the outer edge of the polymer be structurally different from the bulk of the 
polymer, but also due to the fact that the polymer is of a lower conductivity than the 
platinum electrode the working electrode potential, the driving force for this 
electrochemical reaction, will drop partly at the platinum/polymer junction and 
partly at the polymer/electrolyte solution interface. 'Mese are the proposed sites of 
FMA oxidation. 
Further data would be required to fully quantify this effect. By using different 
mediators, and altering km, a better estimate of k' may be obtained. 
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5.7 CONCLUSIONS 
By the use of two different solution mediators, o- xygen and ferrocene 
monocarboxylic acid, it has been demonstrated that a stable system, involving 
electrochemically immobilised glucose oxidase, can be developed for glucose 
detection. More importantly, it has been possible to model the different types of 
electrode responses and therefore to interpret the experimental data more fully than 
has been previously attempted. The use of the appropriate theory allows the 
experimental data to be interpreted in terms of rate constants for the 
enzyme/substrate and enzyme/mediator reaction. This allows the rate limiting 
reaction to be identified in each case. 
A good understanding of the way in which these systems operate has been 
gained. Further, it is likely that the theoretical treatments presented will be of use in 
understanding the way in which other immobilised enzyme systems behave. 
212 
CHAPTER SIX , 
THE COVALENT MODIFICATION OF REDOX ENZYMES 
In the previous two chapters the characteristics of a number of mediated 
immobilised enzyme systems are described. In these systems aý low molecular 
weight mediator is free to shuttle charge between the enzyme's active site -and the 
site of mediator reoxidation. iI 
It has been mentioned previously (chapter 1) that large flavoenzymes, such as 
glucose oxidase (GOD), cannot undergo direct electron transfer at simple metal 
electrodes. In this chapter methods for covalently attaching mediator groups to 
certain sites throughout GOD are described. Following this the characteristics of the 
resulting modified enzymes are described and interpreted in terms of a simple kinetic 
model. These enzymes are able to undergo direct electron transfer at simple metallic 
electrodes in the absence of any soluble mediating species. This represents a 
significant advance in the area of enzyme electrochemistry. 
It was originafly intended to electrocheinically immobilise the modified GOD. 
However success in this area has not been achieved at the present time. 
6.1 INTRODUCTION 
This section will start by describing the effect of distance between donor and 
acceptor sites on the electron transfer rate in proteins. Following ý this, the 
importance of reducing this distance on the production of modified enzymes which 
are able to undergo fast electron exchange with simple metallic electrodes will be 
described. Finally the general requirements"of electron relays and types of redox 
enzyme amenable to this type of modificationmill be outlined. 
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6.1.1 The Effect of Distance on Electron Transfer Rates 
Ile relationshiP between the electron transfer rate and the distance over which 
this electron transfer must occur has been discussed in detail previously (chapter 1). 
The great significance of this effect upon achieving rapid electron exchange between 
redox enzymes and simple unmodified metallic electrodes will now be discussed., ý 
It is inadequate to make general comments about the distances involved in 
electron transfer between redox enzymes and electrodes. For this, reason, distance 
effects in specific examples, glucose and D-amino-acid oxidases, -will be discussed. 
Glucose oxidase (GOD) and D-arnino-acid oxidase (D-AAO) are 
representative of the type of redox enzyme which have a structure suitable for 
modification. Ilese proteins contain 2 flavin adenine dinucleotidc (FAD) prosthetic 
groups closely associated, but not covalentlY bound, to the protein (121,219). Given 
that these proteins have molecular diameters in the region of 100 A (29,220), it Can be 
seen that the density of electron relaying sites within these proteins is very small. 
These FAD centres are located at 'active sites' towards the interior of the proteins 
and are not free to move at any time. This siluation is ideal for the natural function 
of these redox enzymes (chapter 1). In the natural redox cycle the prosthetic groups 
are reduced by reaction with the substrate. The reduced FAD (FADH2) centres are 
then reoxidised when a low molecular weight oxidant (dioxygen in the natural case) 
diffuses into the protein and undergoes electron, and proton, transfer with the 
FADH2 centres. The reduced oxidant then diffuses out of the protein and into the 
bulk solution. This cycle is shown in schematic form in figure 1.4 and is discussed 
in detail in chapter 1. 
The electron transfer distances involved in these reactions are very small. 
Indeed the large catalytic effect of this type of enzyme is mainly due to the 
arrangement at the active site which aHows the substrate, prosthetic group and 
oxidant to come into intimate contact. 
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It is vital that the redox active prosthetic group, is situated away from the 
exterior of the protein to prevent unwanted electron exchange with other redox 
proteins and low molecular weight solution species. 
This situation may be ideal in natuial systems but it represents a major 
problem in the study of redox enzymes by electrochemical techniques. The redox 
reactions of the prosthetic group can be studied by the use of low molecular weight 
electron shuttles to carry electrons between active site and electrode (chapter 1). The 
study of the direct electron transfer between the prosthetic group and a metallic 
electrode would, however, involve large electron transfer distances. 
It is known that the electron transfer rate decreases exponentially as the 
distance between acceptor and donor sites increases. 
cce -*d (6.1) 
where k is the electron transfer, or electrochemical, rate constant, and d is distance. 
This is true of electron transfers between two proteins and between proteins 
and an electrode (chapter 1). For example, in proteins an increase in the distance 
between electron donor and acceptor sites from 8 to 17 A resulted in a decrease in 
the electron transfer rate constant of 1074 (221). 
It is informative to make an estimate of the electron transfer distance involved 
for direct electron transfer between the FAD centres of GOD or D-AAO and an 
adjacent metal electrode. Assuming that the prosthetic groups are located at the 
centre of the protein, there is no evidence for this, the maximum distance will be in 
the region of 50 A. Although this is an overestimate of the distance it clearly shows 
that electron transfer between this type of redox enzyme and an electrode will occur 
at a very slow rate. 
This explains why GOD and D-AAO exhibit no observable electrochemistry at 
platinum, gold or glassy carbon electrodes. When substrate is added to the enzyme 
in solution the FAD centres become reduced. These centres cannot however be 
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reoxidised at a simple electrode so that no substrate dependent current is seen. ibis 
is a major problem in the direct electrochemical study of redox enzyme in their 
native conformation. A new approach is required to overcome this distance effect. 
For this reason the idea of modifying the enzyme by, binding electron relays 
throughout the interior of the enzyme was de. veloped(136,137). In this type of system 
the electron transfer distances are significantly decreased by providing a series of 
electron relaying centres as 'stepping stones' lor electrons as they are transferred 
between the FAD centres and the electrode, or vice versa. Ilie significance of this 
type of modified redox enzyme will now be discussed. 
6.1.2 Electron Transfer between Modified Redox Enzymes and Simple 
Metallic Electrodes 
The prohibitive effect of large distances upon fast electron transfer has been 
discussed. In order to detect a substrate dependent current from a redox enzyme at a 
metal electrode it is vital that the electron transfer distance is significantly decreased 
so that the rate of electron transfer is increased to give a measurable current. 
The binding of, electron relays to certain amino acid residues in the protein 
backbone of a redox enzyme will reduce electron transfer distances by providing a 
greatly increased density of electron relays within, the interior, and possibly at the 
surface of the enzyme. If the density of relays is sufficiently high and their three 
dimensional arrangement is correct then electron transfer distances between the 
prosthetic group (FAD) and a relay (R), dFADIR, two adjacent relays, dRIR P or a relay 
and the adjacent electrode (E), dRIE1, will all be less than the distance between the 
FAD centre and the electrode, dFADIE. These distances are shown schematically in 
figure 6.1. 
In the modified enzyme situation, figure 6.1b, the'FAD centre is reduced by 
substrate, gaining two electrons. Ilese electrons can then be transferred through a 
series of spatially close redox centres, or possibly one centre alone, to the electrode. 
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Figure 6.1 Schematic representation of the electron transfer distances involved 'in 
a) the native enzyme, and b) the redox modified enzyme. 
a) enzvme 
metal electrode 
b 
Mi FAD 
electron relay 
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As the concentration of substrate increases the rate at which FAD is cycled between 
oxidised and reduced forms is increased and the flux of electrons between the FAD 
centre and the electrode, via the artificial electron relays, is increased. This means 
that it should be possible to measure a substrate dependent current in this system. 
Previously this has only proven possible by the addition of diffusing redox 
couples to the enzyme solution (chapter 1), for example dioxygen. 
This type of modification procedure appears feasible in theory. In the next 
section the type of enzymes and electron relays which may be suitable for the 
production of this type of system will be discussed below. 
6.1.3 Techniques for the Production of Modified Flavoenzymes 
There are a number of specific requirements in the electron transfer properties 
of relays suitable for this type of work. Also there may be certain structural features 
in enzymes suited to inodification, although this is less clear because the three- 
dimensional structure of many large redox enzymes, for example GOD, is not 
known. These important considerations will now be discussed. 
6.13.1 Electron Relays 
In choosing the optimum type of electron relay to attach to a redox enzyme, a 
number of considerations, both kinetic and thermodynamic, must be taken into 
account. 
A fundamental consideration is that the redox potential (E") of the attached 
electron relay should be positive for the FAD/FADH2 couple (equation 6.2). This 
will mean that the oxidation of FADH2 by the attached relay will be 
thermodynamically downhill and thus favourable. This is obviously true of solution 
mediators as well (chapter 1). 
FADH2 -4 FAD + 2W + 2e7 (6.2) 
E' = -50mV 
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Therefore relays with an E" value of 0 volts or above should be chosen. It should be 
noted that the E" of the electron relay will be shifted when attached to the enzyme 
and may also be shifted by the *hydrophobic environment in the interior of the 
enzyme. These effects are not easily predicatable but may be important; 
There are two main kinetic effects which may also be important. 'Firstly the 
redox couple should be electrochemically reversible, having an electrochemical rate 
constant of the order . of lXlU-2cmg-1 
(221). This will maximise the rate of electron 
transfer at a relay site in the modified enzyme. Secondly it may be preferable to 
choose an electron relay which exhibits fast enzyme kinetics. This means that in 
solution the rate of reoxidation of the reduced FADH2 centres, equation 6.3, is fast, 
53) being of the order of 10ý dm3 mol-1 s-1 or greater( . 
Enzyme -FADH2 + Relay,,,,. 
ks 
ýEnzyme -FAD + Relayd. + 2W (6.3) 
where ks is the second order rate constant for this reaction (dm3 mol-1 S71). This 
consideration may however, only apply if. the first electron transfer'from the reduced 
FADH2 centre occurs to'a relay bound'in very close proximity to the FADH2. ., Even 
if close approach is possible itJ9 likely that the optimum molecular orientation for 
this electron transfer also the optimum distance will not be permitted. This will have 
the effect of reducing ks if indeed the relay and FADH2 groups are bound 
sufficiently closely for approach of the two centres to occur at all. 
By choosing a relay with both fast electrode and enzyme kinetics it may be 
possible to optimise the rate of electron flux between FAD centres, electron relays 
and electrode. 7bis is an area which is not understood and requires further 
investigation to enable a sensible choice of relays to be made. 
Once a suitable relay has been proposed, and a method of binding this to the 
amino acid backbone of the enzyme protein devised, a choice of protein type and 
binding. sites wi. thin the protein must. be-made. 
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These considerations will be discussed in the next section. A number of 
assumptions must be made as in many cases the three dimensional enzyme structure 
is not known and the positions of the various amino acid residues amenable to relay 
binding in the enzyme are undetermined. 
6.13.2 Redox Enzymes 
This section will describe the considerations which must be made in the choice 
of a suitable redox enzyme for protein modification. 
Basic considerations to be made include enzyme stability, degree of 
characterisation, and amino ac , id composition. In order to illustrate more clearly 
these criteria the properties of glucose oxidase (GOD) and D amino-acid oxidase 
(D-AAO) which make these enzymes good candidates for modification will be 
described. 
These flavoenzymes have many features in common and represent a large 
class of flavoprotein oxidases. The molecular weight, size, and amino acid 
composition of these enzymes is relatively well characterised. It appears that GOD 
(25) 
contains two identical monomeric units each of which contains 1 FAD centre . 
D-AAO appears to be monomeric and also to contain 2 FAD centres per 
molecule(219). In considering possible modification methods, knowledge of the 
arninoacid composition of an enzyme may be useful. 
Firstly, however, possible modification sites and methods of attaching. relays to 
these sites will be discussed. Table 6.1 details the types of aminb acid residue which 
may be available for modification in an enzyme together with a possible coupling or 
coordination method for attaching an electron relay to this residue. 
It is likely that if a particular amino acid residue is abundant in a protein then 
binding of a relay to this type of residue will produce a higher density of relays and 
possibly a higher rate of electron transfer through these relays. This is obviously 
advantageous but assumes that the protein can be reversibly unfolded to expose as 
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Table 6.1 
Possible coupling sites and coupling methods -I ý- f 
Structure of, 
Amino acid residue Electron relay Coupling method bound relay 
lysine covalent, via I 
ýH 
R - 
FC-(CH, )jCOOH amide bond 
NH 
IH 
H-C-(CH, )s; N- (CH))- C 
C (CH2)ýNH-a 
I Cw 0 
C- 0 
glutarnine covalent, via ýH ? ? 
ýH 
amide bond -(CH,, );; Fc -N- HC-(CH, )i ý-o 
ýO 
I 
aspargine covalent, via I 
i b 
ýH ? 
t+C-(CH ) FC CH am de ond j * HO j 
Hý CH2C NH2 
&0 
; ý. o I 
glutamic acid covalent, via i- VH 
H Fc (CH ),, NH3 amide bond H-C-(CH3j-V-(CHj), cFC 
HC-CH: FC-NH2, 
3 ýo H 
o 
H 
tyrosine complexed to H6(CH, )-Ph-OH 
NH 
1 
M2+/3+(NH 3)5 azo bonded 
oI N=N I 
H-C-(CH, )-Ph-OH_ 
bc? 
ýo pyridine function N 1413* 
M(NH3)S 
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Structure of 
Amino acid residue Electron relay Coupling method 
bound relay 
tryptophan complexed to 
Ht4 
Hý'CH 
M2+/3+ (NH3)5 azo bonded 4 
60 
N-N 
Hý-CH3 
6.0 ý 
pyridine function . 2.13 N 
3) M(NH 
histidine 'coordination to 
M2+/3+ (NH3)5 heterocyclic rings 
qý'CH 
HC-CH 
. 17 
HN, , oN 
o (imidazoles) _ VW M(NHj)5 
lysine complex with ýH 
IH NN HC- MH ) 
M 3+ 2+/ (NH3)5 pyridyl amides 
, ý 
GO 11. 
of lysine 
aspartic acid amide bonding 
Fc (CH. ). NH-1 HhH-jt-N(CH2). FC 
0 
0H C- 0 
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many of these potential binding sites as possible. This problem wil be discussed 
later. 
Therefore with a knowledge of the an-ýino acid composition of an enzyme a 
potential binding strategy can be developed. Table 6.2 lists the amounts of the eight 
possible amino acid residues for modification in the proteins GOD and D-AAO. It 
can be seen that both of these enzymes are relatively rich in all of these residues, so 
that a modification procedure based on any one or a number of these residues might 
prove successful. This may not, however, be true, of other enzymes, so it is 
important that a survey is made. 
Table 6.2 
The amino acid composition of two flavoenzymes 
Residue 
Glucose oxidase ,, 
No. of residues per monomer 
,. 
D-an-ýno-acid oxidase 
No. of residues per monomer 
a) b) C) 
lysine 15 17.4 11.2 
glutarnic acid / glutarnine 48 54.2 40.2 
aspartic acid / asparagine 62 79.8 32.3 
tyrosine 18 13.8 
tryptophan I1 10.3 9.6 
histidine 17 15.4 8.2 
Notes 
a) Based on a molecular weight of 80 000 per subunit. Not accounting for 
(25) carbohydrate content 
b) Based on a molecular weight of 67 000 per subunit (due to calculation of 
29) 
carbohydrate content)( 
C) Based on a molecular weight of 46 000 per monomer(223). 
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Another important consideration is the accessibility of the amino acid residues 
to the coupling reagent during the modification procedure. A method which 
reversibly opens or unfolds the protein structure must be used to maximise the 
probability of coupling to the interior of the enzyme and not simply binding relays to 
its outer surface. A successful strategy must allow binding close to the active site 
and throughout the interior of the protein as well as possibly requiring relays bound 
at the periphery. The opening process must be reversible if the modified enzyme is 
to retain activity and in particular its substrate specificity. 
A suitable procedure for achieving this reversible structure unfolding will now 
be described. 
Urea at a concentration of 2 to 3 mol dm-3 is known to reversibly open GOD 
and DAAO(136,137) A higher concentration of urea (6 mol drn-3) is known to 
irreversibly open enzymes, resulting in damage to their structure (224). Therefore the 
addition of urea in a suitable concentration to the reaction mixture upon enzyme 
modification will result in opening of the structure and increase the accessibility of 
the residues to the coupling or complexing reagents. Removal of the urea will then 
allow renaturation of the modified enzyme protein. 
Ile modification of a number of amino acid residues appears feasible in this 
type of enzyme. By assessing the properties of both the electron relay and the 
enzyme and proposing a possible coupling procedure (which includes urea'or a 
similar 'unfolding agent) it should be possible to produce a range of modified 
enzymes. 
In, the next section work involving these modification -techniques, will be 
reviewed and the properties of the resulting modified enzymes will be discussed. 
224 
6.2 TYPES OF MODIFIED REDOX ENZYME PRODUCED 
This section will review the work of Degani and Heller (136,137) on the 
modification of glucose oxidase (GOD) and*D-amino-acid oxidase (D-AAO) with 
series of electron relays. The modification procedures will be described together 
with the electrochemical response of the resulting modified enzymes to their 
substrate. 
6.2.1 Ferrocene Modified Flavoenzymes 
The first report (136) detailing the production of a modified redox enzyme by 
simple carbodiimide coupling of ferrocene electron relays to lysine residues of GOD 
described an enzyme which was able to exchange electrons with a simple carbon or 
platinum electrode. The authors demonstrated that the, modified GOD gave a 
substrate concentration dependent current indicating that the modification procedure 
was successful. They also clearly demonstrated that the resulting current was not 
due to the presence of diffusible electron relays either in the fonn of low molecular 
weight ferrocene derivatives or ferrocene modified, but enzymically inactive, GOD. 
Therefore the current measured on addition of glucose was attributed to the presence 
of the covalently bound ferrocene electron relay groups. 
The electron relay, ferrocene carboxylic acid, was chosen because of its fast 
electrode and enzyme Idnetics (53) and because the carboxylic function provided a 
simple coupling site. The coupling procedure employed, a water soluble 
carbodiimide reagent to produce amide bonds (225.226) between the amine functions of 
the lysine residues on GOD and the carboxylate functions of the ferrocene carboxylic 
acid. The reaction sequence is shown in figure 6.2. 
The coupling reaction was carried - out at ice temperature. Ferrocene 
carboxylic acid (80 mg) was added to 4 cm 3 of a 0.15 mol dM-3 sodium-HEPES 
(4-(2-hydroxyethyl)-l-piperazine ethane sulphonate) buffer solution to give a turbid 
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Figure 6.2 Reaction sequence for coupling of electron relays to a redox enzyme 
via amide bonds. ,Ii 
CHH CH: ýOCH1, 3% 
Ný /C 
3ýU 
(C 
(CH-2)3 
1 
ýH 
F, c_C, ýOH + Q, FC-Cý% 
0- 
0c0 12 pH 7 
um CH 3 
I- CH3 
DEC 
CH CH3 
N 
2)3 
NH 
&0 + 
ýH 
C H2 
KEY 
Fc 45 
Fe 
- 
4ý 
u rea/ 
pH7 
GOD 
'2-40C 
dr 
C 
C-tv 
a 
0 
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solution of pH 7.3 ±0.1. The pH was adjusted to this value by adding drops, of, 
hydrochloric acid solution (0.10 mol drn73) and stirring, where necessary. DEC 
(1-(3-dimethyl-aminopropyl)-3ethylcarbodiimide hydrochloride, 100 mg) was added, 
and dissolved. This was followed by addition of 8 10 mg of urea to, give a final 
concentration of approx. 3 mol dn, 73. The pH was adjusted to within the range 7.2 to 
7.3 and 60 mg (7080 Units) of GOD was added. Tle. pH was again checked and 
adjusted to the range 7.2 to 7.3 if necessary., The solution was placed in a sealed 
glass vial and left in an ice water bath for around 15 hours. Mie resulting mixture 
was then centrifuged and the supernatent filtered through a 0.2 g_ pore filter. The 
modified enzyme was then separated by gel filtration on a column of Sephadex G-15 
in a Na2HPO4 (0.085 mol dni-3, pH 7.0) running buffer. The authors observed that 
the enzyme was eluted in the first, orange fraction, of 4 cm3 or less. 
Th enzymic activity and iron content of the enzyme before and after, 
modification were determined. It was found that the modified enzyme retained 
between 50 and 60 % of the activity of the native enzyme and contained 14 iron 
atoms per molecule whereas the native enzyme contained only 2. T'herefore the 
authors demonstrated that 12 ferrocene, centres had been attached to the enzyme and 
that a dramatic loss of enzyme activity during the modification procedure, and in 
particular the use of urea, had been avoided. 
The electrochemical response of the modified GOD in the presence and 
absence of glucose was studied by d. c. cyclic 
-voltammetry 
at gold, platinum or 
carbon electrodes in the absence of oXygen. They found that in the absence of 
glucose the presence of the ferrocene relays on the GOD was barely visible in the 
d. c. cyclic voltammogram. However, as the glucose concentration was increased a 
catalytic current was seen to flow when the potential was greater than 0.4 volts (vs 
NEE). 
77his clearly demonstrated that the modified GOD could be reduced by glucose 
and that the electrons from the reduced, FADH2 centres of the enzyme could be 
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transferred, via the ferrocene electron relays, to the electrode at a sufficient rate for 
the current to be measurable. 
The authors also prepared a modified but enzymically inactive GOD by 
removing the FAD centres from the molecule. When thi's enzyme was mixed with 
native GOD no electrochemical response to glucose was seen. This demonstrates 
that the ferrocene relays on the enzymically inactive modified GOD could not act as 
diffusible electron relays for the unmodified but enzymically active native GOD. 
This work clearly demonstrates that modification of GOD with ferrocene 
electron relays is feasible and further that the spatial distribution of the relays within 
the modified enzyme has sufficiently reduced the electron transfer distances involved 
so that a substrate dependent current can be observed in the absence of any diffusible 
mediating species. 
During the course of this work the modification of GOD with ferrocene acetic 
acid and the modification of D-AAO with. - ferrocene carboxylic acid was 
reported(137). These modified enzymes were produced by the'same procedure as that 
described above(136). The modification of GOD with ferroc'e*ne acetic acid produced 
an enzyme containing 13(±I) ferrocene centres per enzyme molecule and having 
60% of the activity of the native enzyme. This is directly comparable to the 
ferrocene carboxylic acid modified GOD. The potentials at which a catalytic current 
flows in the presence of glucose are however reduced to positive of 0.25 volts (vs 
SCE). This is expected since the E" of the acetic acid derivative of ferrocene is 
0.165 volts negative of the E" of the carboxylic acid derivative (47). The fen-ocene 
acetic acid modified GOD does however appear to give a larger current response, at 
a fixed glucose concentration, than the ferrocene carboxylic acid modified enzyme. 
This effect Will be discussed in detail later. 
The modification of D-AAO with ferrýcene carboxylic acid does not appear to 
be'as successful as the GOD modificatioýs. The authoponlymanage'to attach 3(±I) 
ferrocene electron relays to this enzyme and the resulting low electron relay density 
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only produces a small change in the d. c. cyclic voltammogram in the presence of the 
D-alanine substrate. Ilis effect may be connected to the fact that the, D-AAO 
molecule contains only II lysine residues whereas the GOD molecule contains 
between 30 and 35 lysine residues (25,29) (table 6.2). Also, it is likely that urea will 
open the structure of the two enzymes to different degrees making the'accessibility 
of lysine residues to the coupling reagent non-equivalent in the two Proteins. It may 
be surprising that 3 (±l) electron relays on D-AAO provide a sufficient, density of 
relays for a substrate dependent current to be measured at all. 
The authors have determined the stability of these enzymes by measuring the 
period taken for a 10% loss in current to be observed at a fixed glucose 
concentration. The three types of ferrocene modified enzyme appeared to be of 
equal stability 2(±0.5 h) elapsing before the catalytic current was decreased by 10%. 
This indicates that the loss of activity is due to a process which is independent of the 
number of electron relays attached to the protein. -, I1 11, 
The modifications reviewed so far have successfully utilised ferrocene relays. 
In the next section work describing the use of ruthenium pentaamine relays to 
modify GOD and DAAO will be reviewed. 
6.2.2 Ruthenium Pentaamine Modified Flavoenzymes 
A ruthenium(II) pentaamine pyridyl complex has been shown to act as a 
soluble mediator of glucose oxidase (GOD). The second order rate constant for the 
reaction between reduced GOD and the ruthenium(HI) form of the complex is 
comparable to that for the GOD-ferrocene carboxylic acid reaction (53)., Also, the 
ruthenium IVIH couple exhibits fast elecuWe kinetics at a glassy carbon electrode 
with a heterogeneous rate constant (k) of lxlG-2cm s-I (59). Therefore, this electron 
relay meets with the criteria described previously for choosing a candidate for the 
modification of GOD. 
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This section reviews methods which have been used to complex or coordinate 
this electron relay to GOD. Also, the electrochemical properties of the resulting 
modified GODs are discussed. 
A single report exists of the modification of redox enzymes with ruthenium 
based relays (137). Again the authors employ GOD and they present three different 
strategies for incorporating the Ru(NH3)2+/3+ 5 relay into the enzyme. in all 
modification procedures urea (2 moldn, 73) 'was used as a reversible protein 
opening' reagent. Iron and ruthenium contents of all modified enzymes were 
determined by atomic absorption spectroscopy. 
Amides between the ruthenium pentaamine complex of isonicotinic acid and 
GOD arnines were formed by reacting isonicotinoyl chloride hydrochloride with the 
available lysine residues of GOD. The isonicotinoyl-modified GOD was then 
purified by gel filtration chromatography on Sephadex G-15. Ruthenium(II) 
pentaarnine chloride was then added to the enzyme to form the ruthenium modified 
enzyme (figure 6.3). This modified enzyme was then purified by ion exchange on 
Sephadex G-25 cation exchange resin. 
Tlis modification procedure incorporated 6(±I) relays per enzyme molecule 
and produced an enzyme of good stability (I 0±2h to aI 0%'Ioss in current). 
A second modification procedure employed the pyridyl azo binding of 
ruthenium pentaamine to GOD. L-aminopyridine was covalently coupled -to the 
activated aromatic rings of available tyrosine or tryptophan residues in GOD via an 
azo bond (figure 6.4). The enzyme was then purified by gel filtration on Sephadex 
G-15. The bound pyridine functions were then coordinated to the Ru(NH3 )2+ and 5 
the resulting modified enzyme purified by ion exchange on Sephadex G-25 cation 
exchange resin. The resulting modified enzyme contained only 2(±0.3) electron 
relays per molecule, but again had a stability identical to that of the ruthenium 
pentaamine isonicotinamide modified GOD. 
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Figure 6.3 Ruthenium pentaamine isonicotinamide modified glucose'oxidase 
coupling site. 
(NH3) RU N0 
N-GOD H 
6 
Figure 6.4 Ruthenium pentaamine azo cotipling site. 
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The third and final type of modification involved coordination of the 
ruthenium pentaamine to the nitrogens of imidazole rings 
(227) on available histidine 
residues of GOD (figure 6.5). Following coordination to the ruthenium pentaamine 
modified enzyme was purified by ion exchange on Sephadex G-25 ion exchange 
resin. The resulting modified enzyme contained 14(±I) electron relays per molecule 
and had a stability of greater than 7 days (prior to loss of 10% of current) when 
stored in the ruthenium(IH) form. This stability was reduced to less than 5 mins, 
however, when stored as the rutheniurn(H) form. 
A number of important conclusions can be drawn from this work. Firstly, it is 
clear that the enzyme modification of GOD with ruthenium based electron relays is 
relatively unsuccessful when compared to the production of ferrocene modified 
GODs. The addition of glucose to any of the three ruthenium modified GODs results 
in only a small increase in current at potentials positive of the e of the bound relay. 
Addition of glucose (0.020 mol dm73) to the GOD modified with ruthenium 
pentaamine pyridyl azo functions results in a broad and very small increase in the 
catalytic current, and no indication of a plateau current is seen. This is probably not 
surprising since this modified enzyme contains only 2 bound electron relays per 
molecule. The situation is not however, much improved in the case of the enzyme 
containing 14 histidine coordinated electron relays. 
Secondly, it appears that it is not the number but the type of electron relay 
attached to the enzyme that determines its stability. Hence all the ferrocene modified 
enzymes have an identical stability (2 hours to loss of 10% of current) as do the 
ruthenium modified enzymes (10 hours to loss of 10% of current). This may simply 
reflect the stability of the electron relays and not the stability of enzymic activity. 
This will be discussed in detail later in this chapter. 
Finally, there appears to be no correlation between the abundance of a 
particular type of amino acid residue in GOD and the number of relays that can be 
coupled to this residue (table 6.3). 
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Figure 6.5 Ruthenium pentiamine relays coordinated to available imidazole 
rings of glucose oxidase. 
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Table 6.3 
Comparison of no. of relays incorporated to no. of possible coupling sites in GOD 
Residue No. of residues per Coupling method 
No. of relays per 
(137) 
enzyme molecule 
(29) molecule 
lysine Amide bound to 13±1 
Fc-(CH2). x-COOH 
35 Coordination of 6±1 
Ru(NH3 )2+/3+ to 5 
amide lined 
pyridine 
tyrosine total of 75 Coordination of 2±0.3 
tryptophan )2+13+ to Ru(NH3 5 
azo bound 
,, pyridine 
histidine 31 Coordination to 14±1 
.. . 
imidazole ring 
,ý-V 
This may be expected since the abundance of a type of residue is no measure 
of its accessibility to the coupling reaction employed. 
In conclusion, the work of Degani and Heller demonstrates that modification 
procedures which employ the coupling of ferrocene electron relays to the enzymes 
GOD and D-AAO are more successful than modifications using ruthenium relays. 
The electrochemical studies of a range of modified enzymes show that ferrocene 
modified GOD gives the most pronounced and measurable, if not the most stable, 
response to glucose, making enzymes containing ferrocene relays most suited to an 
electrochemical investigation. 
In an attempt to study the kinetics of 'the modified enzymes and to improve 
their stability a series of ferrocene modified GODs were produced. 
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In the next section the behaviour of three ferrocene modified GODs in the 
presence and absence of substrate, will be described and attempts to determine the 
cause of activity loss after preparation will be discussed. 
6.3 A SERIES OF FERROCENE CARBOXYLIC ACID MODIFIED 
ENZYMES 
In this section the electrochemical behaviour of a series of three ferrocene 
modified glucose oxidase (GOD) molecules is described. 
6.3.1 Preparation and Determination of Iron Content 
The method of Degani and Heller(lo) was used in each case for modified 
enzyme preparation and purification with some minor modifications (section 2.9). 
(228) GOD was modified with a series of three ferrocene carboxylic acid derivatives 
The degree of modification was estimated by atomic absorption spectroscopy 
(section 2.9) of the resulting modified enzymes. The iron content of the enzymes is 
detailed in table 6.4. 
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Table 6.4 
The iron content of the various modified enzymes 
Modifying electron relay 
Number of iron atoms per 
enzyme molecule 
none 2(a) 
Fc-ý- 13 
(b) 
Fc-CH: r? - 
22 (b) 
0 
Fc- (CH-0i 29 
Heller obtained a value of 2 for the native enzyme 
(136) 
(b) Heller obtained a value of 14 (137) 
The iron content was determined for duplicate preparations of each enzyme at 
two or more concentrations. Buffers used were found to be essentially iron free. As 
each ferrocene contains one iron centre, this represents a direct determination of the 
number of covalently linked ferrocenes on each type of modified GOD. 
6.3.2 Electrochemistry 
Electrochemical measurements were performed in a2 CM3 volume glass cell 
(section 2.5) using platinum working electrodes, area 0.127 CM3 or 0.393 cm 3 (table 
2.1), Pt wire or gauze counter electrodes and a SCE. All experiments were 
performed in the buffer used to elute modified enzyme samples from the column 
(0.085 mol dm-3 phosphate, pH 7.0). All solutions were deoxygenated and 
experiments performed under a positive pressure of oxygen free nitrogen. 
The enzyme content and activity of all modified enzyme solutions was 
determined by the procedures previously described (section 2.8). 
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In the next section the effect of varying the glucose and enzyme 
concentrations on the electrochemical response is described for each of the three 
modified enzymes. 
6.4 RESPONSES TO GLUCOSE 
In this section the response of the different types of ferrocene modified GOD 
to glucose are presented. The great majority of the work presented deals with the 
ferrocene acetic acid modified enzyme as this has a number of desirable 
characteristics. 
6.4.1 Stationary Electrode Studies 
In this work a stationary glassy carbon or platinum electrode was used as a 
working electrode. The glucose concentration of the solution was increased stepwise 
by injection of aliquots of stock glucose solution (1.00 mol dm-3). A d. c. cyclic 
voltammograrn was recorded at each glucose concentration. Figure 6.6 shows d. c. 
cyclic voltammograms for each of the modified enzymes at zero glucose 
concentration. It is apparent that there is a small 'feffocene' signal in each case. 
This is, however, broad and indistinct. On. addition of glucose a catalytic wave 
emerges (figure 6.7). The magnitude of the current is seen to be glucose dependent 
in each case. Figure 6.8 shows a plot of limiting current as a function of glucose 
concentration for the ferrocene acetic acid modified enzyme. 
It is apparent that the ferrocene acetic acid modified enzyme gives far higher 
catalytic currents (at fixed glucose and enzyme concentration) than the ferrocene 
monocarboxylic and ferrocene butanoic acid modified enzymes (figure 6.7). 
For this reason and because of the improved stability of the ferrocene acetic 
acid modified enzyme to storage this preparation was the one used in most of this 
work. 
237 
Figure 6.6 D. c. cyclic voltammograms for: a) the unmodified GOD enzyme in 
buffered electrolyte (0.085mol dm-3 phosphate pH 7.0) at zero 
glucose (platinum or glassy carbon electrode, 5 mV s-'); 
b) the ferrocene carboxylic acid modified GOD (4.6 mg cm 
c) the ferrocene acefic acid modified GOD (2.0 mg cm-3); 
d) the ferrocene butanoic acid modified GOD (0.65 MgCM 
2ikA 
0 E/mV vs SCE 400 
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Figure 6.7 D. c. voltarnmograrn for: (a) ferrocene acetic acid, (b) ferrocene 
butanoic acid, and (c) ferrocene carboxylic acid modified glucosý 
oxidase at a glassy carbon electrode (3mm diameter), sweep rate 5 
mV s-1. In all cases the glucose concentration is 100 mmol dm-3 and 
the enzyme concentration is I mg CM-3 . All at pH 7.0,25*C. 
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Figure 6.8 Glucose, response curve. for the ferrocene acetic acid modified GOD 
(4.5 Mg CM-3) at a glassy carbon electrode (3mm diameter) at pH 7.0, 
25"C in the absence of atmospheric oxygen. 
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6.4.2 Analyses of the Glucose Responses 
If we assume Nfichaelis-Menten kinetics for the reaction between the modified 
enzyme with its substrate glucose we can derive the following expression (see 
chapter 3) 
IL 
= [enzyme ]D 
Ekcat S-I% (6.4) ; D7A 
-[ Ku +s.. 
i 
The terms in this equation are defined fully in the theoretical section of this thesis. It 
is apparent that'plofs of ffenzyme 11tj )2 vs (s )71 should be linear. Figure 6.9'ihows 
an ex=ple of such a plot, From the -slopes and intercepts of this type of piot it is 
possible to obtain estimates of KM and k,,, t, if we know the value of the electrode 
area and DE1, the diffusion coefficient of the enzyme. 7be values for kca and KM 
determined in this way are presented in table 6.5. 
Table 6.5 
Kinetic constants determined for the modified GOD-glucose reactions 
Enzyme modifier 
Glucose oxidase Ferrocene 
prboxylic acid 
Ferrocene 
acetic- acid 
Ferrocene 
butanoic acid 
kcat /S71 (123) 800 a) 5 1100 50 
Kjwlmol dm-3 0.020(70) 
1 -0-001 i 
0.005 
1 
0.002 
a) Kinetic constants were calculated using a value for D E, the diffusion 
coefficient of the enzyme, of 5xlO-7CM2s7', and an n value of 2 electrons per 
substrate molecule. 
It is apparent that the value of k,,, t for the ferrocene acetic acid modified GOD 
is comparable to that of native GOD and is far in excess of that for the other two 
enzymes. This is clearly the cause of the large catalytic currents seen for the 
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Figure 6.9 Plot of equation 6.4 for ferrocene acetic acid modified GOD using 
data for three different enzyme concentrations (0.45,1.13 and 
4.5 Mg CM-3)., 
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reaction of this enzyme with glucose. 
The precise'reason for this large catalytic effect is unknown at the present 
time. A number of possible explanations will now be presented. The rate constant 
k,, describes the rate of reaction between glucose and the electron accepting FAD 
centres at the enzyme's active site when saturating glucose is present. , 
At, this 
glucose concentration (> 0.080 mol dm73) the enzyme kinetics become, independent 
of glucose concentration and ka is reached. 
It is possible that the widely different values of k,,,, obtained for the different 
types of modified enzyme are. due mainly to changes in structure at or close to the 
active FAD containing centres. A disruption of the optimal steric arrangement, as 
found in the native enzyme, could easily. explain why the kc"t values for the 
ferrocene carboxylic and butanoic acid modified enzymes are so low. However, this 
type of structural effect could not explain the increase in kct obtained for the 
ferrocene carboxylic acid modified enzyme. Furthennore, there is no apparent 
correlation between the number of ferrocene centres per enzyme molecule (table 6.4) 
and kca. 
The modified enzymes have similar values of KU for glucose, I to 5 
(70) 
mmol dni-3. These values are all much lower than that for the native enzyme 
This simply reflects the fact that the response becomes saturated more quickly for the 
modified enzymes. Again it is not possible to explain the reduction in KM which 
occurs on modification on the basis of the data currently available. 
The value of KM is a measure of the point at which the response turns over 
from being I st order in glucose at very low concentrations, to zero order in glucose, 
at high concentrations. It is apparent that all three modified enzymes are more 
sensitive to glucose than the native enzyme. This may again reflect subtle changes at 
the active centres of the enzyme. The extent of any structural changes incurred on 
modification cannot be assessed until the three dimensional structure of the enzyme 
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is known. ' 
It is clear however that the ferrocene carboxylic acid modified GOD produces 
by far and away the largest catalytic currents in the presence of glucose. This effect 
is due to the large k,, value associated with this enzyme. 
In the following section the redox potentials of the modified enzymes are 
estimated, and the effect of varying the redox potential on the characteristics of the 
resulting' enzyme discussed. 
6.4.3 Tstimation of the. Redox Potentials of the Modified Enzymes 
The redox - potentials of each- modified enzyme species was determined by 
analysis of the waveshape in the presence of glucose. 7be waveshapes, at 
sufficiently high glucose concentration to saturate the enzyme kinetics, have been 
shown previously in figure 6.7. 
Analysis of these waves using a corrected Tafel plot (section 5.2.1) gives an 
estimate of the thermodynamic E' of the modified enzymes. Tafel plots for each of 
the three types of enzyme are shown in figure 6.10. It is clear that as the EO value of 
the free ferrocene derivatives used for modification decreases, so the E" value of the 
resulting enzyme decreases (table 6.6) 
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Figure 6.10 Corrected Tafel plots for the modified enzymes: A) ferrocene 
butanoic acid modified, B) ferrocene acetic acid modified, and 
ferrocene carboxylic acid modified. All for saturating glucose 
concentration (0.1 mol dm-3, pH 7.0). 
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Table 6.6 
Redox potentials for the modified enzymes 
Enzyme modifier E' (mV vs SCE) 
Enzyme E") 
(mV vs SCE) pH 7.0,25"C 
Ferrocene carboxylic acid 290 300 to 330 
Ferrocene acetic acid 113 130 to 180 
Ferrocene butanoic acid 95 90 to 110 
a) A range of E' values are given in each case to demonstrate that there is some 
dependence on the glucose concentration. 
The dependence of the E' value on the concentration of glucose may imply a 
more complex situation than that described previously (section 6.4.2). The corrected 
Tafel plots presented in figure 6.16 are composed of two linear portions. This is due 
to the fact that it is difficult to make a realistic estimate of iL for such systems as the 
current retains a weak potential dependence. on the portion of the current voltage 
curve approximating to a limiting current. Further work is required to study the 
waveshape and potential dependence of the current as a function of glucose 
concentration. 
It is clear that the E' of the modified enzymes reflects the EO of the ferrocene 
modifier employed. While it was thought preferable to make an attempt to decrease 
the EO of the modified enzyme, by use of different modifying mediating groups, it 
was found that if the E' of the resulting enzyme was too low then this was oxidised 
in the air. Therefore it was found that in contact with atmospheric oxygen the 
ferrocene butanoic acid modified GOD became a brilliant green colour, indicating its 
oxidation to the fenicinium ion fonn. nis oxidised form is unstable and quickly 
decomposes. It is likely that the ferricinium. ion form disproportion ates to give ferric 
hydroxide. Due to loss of the ferrocene functions this enzyme quickly loses any 
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electrochemical activity'and hence is of little practical use. 
The ferrocene carboxylic acid and, acetic acid modified enzymes are far more 
air stable, having significantly higher E' values, and retain their activity for 
prolonged periods. 
In the next section the stability of the different enzyme species is discussed. 
Little attention is given to the ferrocene butanoic acid derivative due to its acute air 
sensitivity. 
6.5 STABILITY STUDIES 
In this section the stability of the modified enzymes will be described in tenns 
of loss of activity, with time, under a variety of operation and storage conditions. 
The 'operational' stability describes the stability of the enzymes to continuous 
potential cycling in the presence of glucose. This section will also discuss the 
reasons for this loss of activity with time. A number of factors can contribute to this 
effect. 
6.5.1 Stability on Storage 
It is obviously advantageous to use a modification procedure which results in a 
product that is stable to simple cold storage (2 to 4 *Q in solution. In order ta assess 
the storage stability properties of the modified enzymes, cold stored samples were 
assayed for remaining enzymic activity over h six day period. Activity was assayed 
using the dye linked (4-aminoantipyrene) spectrophotometric assay described in 
detail in section 2.8. The assay determines the activity of the enzymes only and does'. 
not give any indication of their electrochemical response to glucose. Attempts to 
determine whether loss of ferrocene occurs as a function of time are described in the 
next section. 
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Initially the stability of ferrocene carboxylic acid modified GOD to storage 
was studied under three different storage conditions. Storage of enzyme samples, in 
buffer solution (0.085 mol drTi-3 phosphate, pH 7.0) contained in sealed polythene 
vials was either at 41'C with the presence of absence of catalase (approximately 2000 
Units cm7-3), to decompose any hydrogen peroxide formed in the presence of traces 
of oxygen and glucose, or at room temperature (not thermostated) to provide an 
indication of 'bench-top' stability. Figure 6.11 shows how the activity of an enzyme 
sample was affected by the different storage methods. It could be seen that there 
was an initial loss of activity of 30 to 40% over the first two hours. After this time it 
was apparent that simple cold stgrage (4*Q, in the absence of catalase, represented 
the most effective storage method. The loss of activity over a six day period was 
linear with time and constituted a loss of 3% per day. Storage at 4*C in the presence 
of catalase or at room temperature resulted in a larger activity loss over a six day 
period. 
The storage stability (4*Q of the ferrocene acetic acid modified GOD was also 
assessed. This enzyme was found to be significantly more stable than the original 
modification (figure 6.12), retaining 88% of its original activity after a six day 
period, as opposed to a 50% retention for the original, ferrocene carboxylic acid 
modification. 
Modification of GOD with ferrocene butanoic acid produces an enzyme which 
is very unstable to storage. Samples become an intense green colour within 2 hours 
of column purification. This is indicative of the ferriciniurn form of the electron 
relay which is far less stable than the reduced Fe(Il) form. 7bis effect is discussed in 
detail in the following section. This enzyme retained less than 10% of its activity 
after a six day cold storage period (4*C) and was therefore of little use in any 
investigation of the Idnetics of fer, ene modified glucose oxidase systems. The 
stability data is summarised in table 6.7. 
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Fi gu re 6.11 The effect of different storage conditions on the activity of the 
ferrocene carboxylic acid modified GOD to glucose. 
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Figure 6.12 Comparison of the storage stability of: a) ferrocene acetic acid 
,, modified GOD to b) ferrocene carboxylic acid modified GOD, at 4*C, 
pH 7.0, in the absence of atmospheric oxygen. 
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Table 6.7 
Stability data for the ferrocene modified glucose oxidases ' 
Enzyme modifier 
Procedure 
Ferrocene Ferrocene Ferrocene 
carboxylic acid acetic acid butanoic acid 
A. Cold Storage 
% of initial activity 69 97 20 
remaining after 10 hours 
storage at 4'C (pH 7.0 under 
N2) 
% of initial activity 49 88 < 10 
remaining after 150 hours 
storage at 4"C (pH 7.0 under 
N2) 
B. Potential Cycling 
% of initial current' 98 92 
remaining after 2 hours 
potential cycling at 5 mV s-1 
(20'C, pH 7.0 under N2) 
% of initial current 28 29 
remaining after 28 hours 
potential cycling at 5 mV sý-' 
(20"C, pH 7.0 under N2) 
Hence it can be seen that the ferrocene acetic acid modified GOD exhibits the 
best stability on simple cold storage at 4"C. In the following section the 
electrochemical response of the ferrocene carboxylic and acetic acid modified GODs 
as a function of time will be described. 
6.5.2 Operational Stability 
This describes the stability of the modified enzymes to continuous potential 
251 
cycling ynder defined, conditions. Electrochemical responses were measured by d. c. 
cyclic voltarnmetry at a glassy carbon electrode (A = 0.126 cm 2). This was done by 
cycling the potential continuously and measuring the current response after 
predetermined periods of time. The electrode was polished prior to each 
measurement of the current response on the plateau region at saturating substrate 
concentration (>0.08 mol dnj-3 glucose). 
The properties of the initial response remaining as a function of the time after 
enzyme. preparation for the ferrocene carboxylic and acetic acid modified enzymes 
are shown in figure 6.13. 
It is. apparent that there is little difference between the stability of the two 
preparations when continuously in operation. Table 6.7 summarises the storage and 
operational stability data obtained for the various enzyme preparations. 
It is apparent that the ferrocene acetic acid modified GOD is significantly more 
stable to cold storage than the ferrocene carboxylic acid preparation. However, there 
appears to be little difference between the operational stabilities of these two 
preparations. The shape of the activity vs time plot in figure 6.13 is interesting. 
Little activity is lost by_ either preparation over the first 4 hours after collection from 
the column. After this plateau region there is a rapid loss of activity over the next 25 
hrs until a further plateau is approached, corresponding to around a 70% loss of 
response. It therefore appears that two factors are in operation here. Initially it 
seems likely that ferrocene centres are lost from the enzyme (see next section) but 
sufficient remain for the response to be independent of the number of remaining 
centres. After this plateau region further loss of ferrocene centres occurs and the 
resulting cur-rent decreases rapidly as it becomes strongly dependent on the number 
of electron relays remaining. 
Ile source of this loss of activity is investigated and discussed in the next 
section. 
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Figure 6.13 The stability of A) ferrocene acetic acid modified and B) ferrocene 
carboxYlic acid modified GOD to continuous potential cycling 
(5 mV s-1,20'C). 
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6.5.3 Loss of Electrochemical Response 
An investigation into the cause of the loss of current response described in the 
last section was undertaken. There are a number of possible reasons for this loss of 
electrochemical response. 
Firstly the enzyme, may become denatured or inactivated in some way 
producing a decrease in its activity to glucose. This can simply be investigated by 
measuring the enzyme activity in freshly prepared and aged samples using the dye- 
linked spectrophotometric assay described in chapter 2 of this thesis (section 2.8). 
Secondly the loss of enzyme activity, if indeed this has occurred, may be due 
to dissociation of FAD required for the catalytic enzymic oxidation of glucose. 
A Attempts were made to separate any dissociated FAD from enzyme in an aged 
preparation and then to reconstitute the enzyme with fresh FAD. 
Finally, loss of the electrochemical response may be due to loss of ferrocene 
electron relays or loss of electroactive iron ions from these centres. In order to 
quantify this effect a number of experiments were undertaken. The iron content of 
fresh and aged modified enzyme was determined by atomic absorption spectroscopy. 
Furthermore, an attempt -was made to separate any free ferrocene from an aged 
preparation by chromatography. All work described in the following section 
involves use of the ferrocene acetic acid modified GOD as this was the most stable. 
6.5.3.1 Loss of Enzyme Activity 
The activity of fresh and aged ferrocene acetic acid modified GOD samples 
was determined at saturating glucose concentration (section 2.8). The AA450 min-' 
for a fresh (t --0) and aged (t =312 hrs storage at 40C, pH 7.0,0.085 mol dni7 
3 
phosphate buffer) enzyme samples were measured. I'he activities of the two samples 
were as follows: 
t=O AA 450 min-' = 29 
t= 312 hrs AA450 min-' = 16 
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These activities were measured for aI Mg CM-3 solution in each case. , Thisl 
demonstrates that 55% ý of, the initial catalytic activity of the glucose oxidase 
remained after this time period. 
6.5.3.2 Loss of FAD 
The possible loss of FAD was first determined by a second column purification 
(G-25 Sephadex, section 2.9) of an aged sample. This procedure will separate the 
enzyme from any low molecular weight species present. Any free FAD was 
measured by recording the A 450 of the resulting column fractions. This 'separation' 
yielded no observable 
ýnd fraction. The A450 readings were zero for all but the 
enzyme containing fraction. Furthermore, the absorption spectra for the freshly 
prepared enzyme was ideýtica'l to that of the aged sample, indicating no significant 
or detectable loss of FAD. 
Attempts were made to regain activity in the second aged (t = 312 hr) sample 
by 'reconstitution' with pure FAD (final concentration IxIO-6mol dm73). 711is 
procedure did not increase the activity of the aged sample. 
6.5.3.3 Loss of Ferrocene Centres 
The effect on ferroccne centres of aging of the enzyme sample was assayed in 
two ways. Firstly the aged sample was subjected to a second column purification 
(G-25 Sephadex, section 2.9) after 312 hours cold storage. Electroch6mical 
monitoring of each fraction by cyclic voltammetry (5 mV s-1,0 to +0.5V vs SCE) 
revealed no traces of ferrocene derivatives in the eluate. However, atomic 
absorption spectroscopy of the fresh and aged samples revealed that the number of 
ferrocene centres had decreased from 22 (±2) at t=O to 6.5 (±I) at t=312 hrs. 
Presumably this ferrocene is lost by disproportionation of the ferrocene centres to 
produce ferric hydroxides, and therefore is not recovered as a ferrocene derivative 
upon column separation. 
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Table 6.8 summarises the data collected for the stability studies in an attempt 
to determine the cause of the loss of electrochemical response. 
Table 6.8 
Stability data for the ferrocene acetic acid modified glucose oxidase 
Time 
t --0 t=312 hrs; 
% Remaining 
Enzyme activity ') 29 16 55 
(AA 450 min-) of I Mg CM-3 
solution 
FAD content (% of initial 100 =100 =100 
b) 
FAD content remaining) 
Ferrocene centre content per 22 6.5 30 
enzyme molecule ") I I 
Notes 
a) Saturating glucose (>0.08 mol drn-3, pH 7.0) 
b) Indicates no detectable loss of FAD 
C) Measured by atomic absorption spectroscopy of duplicate samples 
6.5.3.4 Conclusions 
It appears that the loss of electrochemical response observed with aging of the 
sample is likely to be due to a combination of a loss of enzyme activity and a loss of 
ferrocene electron relay groups. This accounts for the biphasic loss of activity'seen 
in figure 6.13. In order to relate a specific cause of activity loss to the second phase 
seen in this figure more detailed measurements of activity and ferrocene content as a 
function of time are required. No loss of electrochemical response can be 
apportioned to loss of FAD. 
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6.6, REAGENTLESS MEMBRANE ELECTRODES 
In this section the responses of membrane electrodes constructed using 
ferrocene carboxylic acid modified glucose oxidase (GOD) is described. The 
responses are interpreted in terms of an established model describing kinetic and 
mass transport processes in membrane electrodes. 
The resulting enzyme electrodes are termed 'reagentless' as there is no 
requirement for the presence of molecular oxygen or any other low molecular weight 
diffusible mediator in such a system. 
6.6.1 Electrode Construction 
Freshly prepared modified GOD was incorporated into a carbon ink by mixing 
0.45g of carbon powder with I CM3 of a9 mg cm-3 enzyme solution in phosphate 
buffer (0.085 mol drii-3, pH 7.0). 
This ink (100 gl) was then applied to the surface of a glassy carbon disc 
electrode (3mrn diameter) and allowed to dry. A dialysis membrane (Visking, 
Medicell) was then applied to the electrode and secured by means of a tight fitting 
silicone rubber '0' ring. The membrane was pretreated, prior to application to the 
electz-ode, by boiling in a sodium carbonate solution as specified by the 
manufacturers. 
Ile electrode was then washed copiously with water and placed in a 
deoxygenated buffer solution (0.085 mol dm73 phosphate, pH 7.0). 7be electrode 
was then cycled 10 times between 50 and 450 mV (vs SCE) to obtain a constant 
background response. 'Me response of this electrode to additions of glucose was 
then detennined. 
6.6.2 Response to Glucose 
The buffer solution (2.5 CM3) was stirred by means of a small magnetic flea. 
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The glucose, concentration was increased stepwise by the injection of quantities of 
glucose stock solution (1.00 mol dm-3). After each addition the solution was 
allowed to mix before, a. d. c. 
_ 
cyclic voltammogram was recorded (5 mV s-1). Figure 
6.14 shows the elecuWe response as a function of glucose concentration. A 
catalytic current develops at potentials excee0ing 200 mV (vs SCE) on the addition 
of glucose. The relatively large currents seen are due to the very large surface area 
of the porous. carbon ink in intimate contact with the modified enzyme behind the 
dialysis membrane. 
Glucose diffuses through the membrane and reduces the modified enzyme 
which is then directly reoxidised at the electrode surface. This type of device 
(53.54) removes the need for diffusible mediators employed in similar devices 
6.6.3 Analysis of the Glucose Response 
The electrode response (figure 6.14) can be analysed using the model for 
enzyme membrane electrodes (229) . This type of analysis demonstrates whether the 
response is controlled by diffusion of glucose through the dialysis membrane, 
enzyme kinetics, or a combination of these two processes. 
Initially a value of kME' must be determined. 7bis constant, the 
electrochemical rate constant for the electrode process at low substrate, 
- 
concentrations is defined as: 
l1kmE KM 1(e yLk, cad+ Ilks' (6.5) 
where L is the thickness of the reaction layer behind the membrane and ks' describes 
the rate of transport of glucose through the dialysis membrane. 
The constant kME' is determined by constructing a plot of s. 1i vs s.., where 
s.. is the bulk glucose concentration and 1 is the resulting current. 
sji = 
1+(s. IKME) (1-il[nFAks's. 1) 
(6.6) 
nFA kME' 
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Figure 6.14 Membrane electrode responses to a) zero "ILIcose, b) 2.4x ()-3 Ib 
mol dM-3, and c) 6.54x 10-3 mol dnj-3 glucose, with inset calibration 
curve showing plateau current as a function of bulk glucose 
concentration (20'C, pH 7.0). 
a) 
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where 
KME'ý-- 
Km l(Lk. 1) +eI: Iks' (6.7) 
1 l(Lkcal) t Ilk' 
and k' is the heterogeneous rate constant describing direct reoxidation of the 
modified electrode at the electrode surface. Such a plot is shown in figure 6.15a. 
The limiting value of s j! as s0 gives [S Ji 10 = (n FA kME)- 1. This gives a 
value for kME' of 6.6x I ecm s-1. 
The second stage in this analysis is to plot Y against p (where 
p= (IInFAKME ý1(sji) and Y= (p-l)ls .. Such a plot is shown'in figure 6.15b. 
From, the intercepts at 1=0 and, Y=O we obtain estimates of IIKAIE and ks'IkME" 
respectively. We find that KME = 7.2mmol drn-3 and ks'IkME'= 1.0. 
The constant KME is analogous to the Michaelis constant used in standard 
enzyme Idnetics. For glucose concentrations below KUE the electrode response is 
substrate dependent and for glucose concentrations well in excess of KMr the 
electrWe response saturates. 
In this case we find that KME is greater than the apparent value for Km (table 
6.5). Using the values of KME, KM and ks'IkME' determined we find that 
kca, Llk' >> 1. 
This indicates that the response in the plateau region is determined by the rate 
of electrochemical oxidation of the modified enzyme, denoted by the 
electrochemical rate constant 
In the region where the electrode response is dependent on the glucose 
concentration the ratio of ks'IkME has a value of 1.0 demonstrating that the rate 
limiting process in this region of the response curve is transport of glucose through 
the membrane by diffusion. 
The various parameters are collected together in table 6.9. 
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Figure 6.15 Analysis of the modified enzyme membrane clectrode response. 
a) Plot of s_li against s., giving an estimate of ktjj., '. 
b) Plot of Ya -ainst p, giving an estimate of KAfE and k, 'I'kXfE-' 9 
0-2 
0.1 
0 
to 
. *CI Z 0.1 
E 
5 10 
S. Immoldm-3 
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Table 6.9 
The kinetic parameters obtained for the modified GOD-membrane electrode 
ks'lcmrl KME/mmoldrri-3 kc,,, Llk' 
Freshly-prep'are'd 6.6XIO-4 7.2 >> 1 
After 390 days 
stOrage at 4*C 
5.6x 1 5.0 16 
The experiment was repeated after storage of the carbon ink for 390 days (4"C, 
pH 7.0, under N2). Analysis of 'the data obtained produced the kinetic parameters 
presented in table 6.9. The smaller value of ks' obtained using the aged sample 
reflects differences in the dialysis membranes used for the two experiments; a thicker 
membrane being used in the latter experiment. Also, although the value of k,,,,, Llk' 
is smaller in the second experiment, the response in the plateau region is still limited 
by electrode kinetics and not by enzyme kinetics. 
It can be conc 
, luýed therefore that the modified GOD ink can be stored for 
extended periods of time. Although a large proportion of the enzyme activity is 
undoubtedly lost during this period it still allows the construction of a reagentless 
glucose sensor in which the plateau response is independent of the enzyme activity 
and is controlled by the rate of electrochemical oxidation of the substrate reduced 
enzyme. Furthermore, use of such an electrode will not pollute the sample glucose 
solution with diffusible ferrocene derivatives. This may have advantages for in vivo 
glucose sensing. This electrode also operates at a low overpotential, reducing the 
problem of electrochemical interference in biological samples. 
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6.8 CONCLUSIONS - 
In this section conclusions about the modification of redox enzymes with 
electron relaying groups will be drawn. 
In this chapter the modification of glucose oxidase with 3 ferrocene carboxylic 
acid derivatives has been described. Modification using ferrocene acetic acid has 
proven particularly successful, mainly due to the large kc't for this enzyme, and the 
correspondingly large catalytic currents obtained, but also because of the improved 
storage stability of this preparation. It is clear that this type of covalent redox 
enzyme modification has great potential in the area of fundamental research into 
enzyme electrochemistry as well as possible applications in the field of biosensors. 
The unique ability of this type of modified enzyme to undergo direct electron 
transfer at simple metal electrodes opens up an area of direct enzyme 
electrochemistry which has not previously been possible. A large range of potential 
candidates for modification are available, and it is to be expected that this will be a 
growing area for research in future years. 
The original aim of producing such modified GOD molecules was as an 
extension to the work on the electrochemical immobilisation of GOD in organic 
polymers described in chapters 4 and 5 of this thesis. However, the electrochemical 
immobilisation of ferrocene acetic acid modified GOD has not been possible so far. 
This may be a result of the enzyme gaining many positive charges upon 
modification. If the enzyme becomes polycationic on modification then it will no 
longer be electrostatically included as a counter ion in oxidatively grown, 
polycationic, polypyrroles. 
It is likely that a negatively charged polymer, such as a sulphonated 
PyTrOle(230), is required for the successful electrochemical immobilisation of this 
modified enzyme. It is encouraging however that the modified enzyme is able to 
undergo direct reoxidation at poly-N-methylpyrrole electrodes. Direct electron 
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transfer between the immobilised enzyme molecule and the surrounding polymer 
matrix is essential for such a device to succeed due to the absence of any freely 
diffusible mediator. 
The electrochemical immobilisation of a redox modified enzyme appears to be 
feasible given the correct enzyme / polymer combination. This would allow the easy 
preparation of reagentless and specific glucose sensitive electrodes. 
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CHAPTERSEVEN ýI 
CONCLUDING REMARKS 
11 -11 
7.1 Overall Conclusions 
The work presented in this thesis deals with two main areas. Firstly the 
electrochemical immobilisation of redox enzymes in conducting or insulating 
organic polymer films is described. Data obtained for a variety of systems is 
analysed according to specially developed kinetic models describing diffusion and 
reaction of substrate and mediator in the polymer films. Useful information is 
extracted from this data. 
Secondly the methods used to covalently modify Tedox enzymes are desciibed 
and examples of successful modifications are given. The electrochemical responses 
of the resulting modified enzymes are analysed in order to determine the values of 
the Idnetic constants for the reactions. A significant improvement over previous 
literature procedures is described. 
7.2 Future Work 
A number of interesting openings have appeared during the course of this 
work. Furthermore, certain of the research projects undertaken over the period 
allowed for the research leading to a PhD remain unfinished at the present time. 
Although such work is not included in this thesis it is informative to mention briefly 
the kind of work which appears to be worth pursuing. There are two main areas 
here. 
Firstly, the production of a self contained system in which an enzyme and its 
mediator are immobilised together in a single step electrochemical procedure may 
have applications in the development of small and stable sensing devices. This type 
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of system has been investigated in theform of a poly-N-methylpyrrole / glucose 
oxidase / ferricyanide ion electrode and is relatively easy to produce. Furthermore, 
the stability of such a system is greatly enhanced by the electrostatic attraction 
between the mediating ion and the polycationic polymer. 71iis overcomes many of 
the problems associated with previous systems. 
Secondly, attempts to immobilise a modified enzyme, such as ferrocene acetic 
acid modified glucose oxidase, have so far proven unsuccessful by an 
electrochemical method. This may be due to unfavourable charge interactions 
between enzyme and immobilisation matrix when using poly-N-methylpyrrole. 
There is still much to beýlearned about the way in which redox enzymes can be 
usefully modified to undergo direct electron transfer at simple metallic electrodes. 
Also, the way in which such enzymes behaye is not well understood and suitable 
electrochemical immobilisation procedures have yet to be developed. It is likely that 
this area of research will receive a great deal of attention in future years, due both to 
an academic interest in the fundamentals of biological electron transfer reactions and 
a commercial interest in successful biosensing. 
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